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Abstract 
Rapid developments in nanotechnology have offered new solutions for a range of problems 
that are currently being investigated in plant biology including responses of plants to biotic and 
abiotic stresses. Among various engineered nanoparticles (ENPs), mesoporous silica 
nanoparticles (MSNs) have received considerable attention because of their versatility and 
unique properties. The application of MSNs as a delivery system to import biomolecules and 
agrochemicals not only protects the entrapped cargo from being degraded before they reach 
their destination within the plant but also greatly improve plant uptake efficiency. In addition, 
In addition, MSNs are promising candidates for gene delivery because of their unique 
properties including porous structure, high surface area, biocompatibility and low cytotoxicity. 
The plant cell wall prevents large particles from easily entering into plant cells.  However, 
broken cell walls are found in many plants and ENPs can create new pores in the plant cell 
walls. It is of crucial importance to design MSNs with appropriate particle and pore sizes which 
are easily up-taken by plants as well as pose high loading capacity. Research presented in this 
thesis shows that two types of monodispersed MSNs with diameters of around 20 and 50 nm 
with pore sizes of approximately 3.0 and 14.7 nm respectively were synthesized and 
functionalized for the application as delivery vectors in plant systems. The morphology and 
properties of these synthesized MSNs were determined by using a series of techniques 
including transmission electron microscopy (TEM), fourier transform infrared (FTIR) 
spectroscopy, Raman spectroscopy, nitrogen adsorption and desorption isotherms and 
thermogravimetric analysis (TGA). Fluorescein isothiocyanate (FITC) and rhodamine b 
isothiocyanate (RITC) were attached to MSNs and the uptake and accumulation of FITC 
labeled MSNs were detected in an Arabidopsis thaliana protoplast system. 
  
XV 
 
Here, amino groups were functionalized to the surface of MSNs (Am-MSNs) for their 
application as vectors to introduce a gene into A. thaliana leaf-derived protoplasts. No 
cytotoxic effect on protoplasts was detected and plasmid DNA (pDNA) loaded into Am-MSNs 
was well protected against degradation by nucleases. The encapsulated pDNA was imported 
into the protoplasts and smGFP transient expression was observed and analyzed using confocal 
laser scanning microscopy (CLSM) and Western blot analysis. Am-MSNs of 50 nm 
demonstrated better loading capacity, higher transformation efficiency and smGFP content in 
the transformed cells compared with that of Am-MSNs of 20 nm. The results indicated that 
without the obstacle of cell wall, the size of MSNs did not strictly determined their movement 
into plant cells. This study showed that MSNs can be utilized as novel vehicles for safe and 
effective gene delivery. 
To evaluate the interaction of MSNs with a model host plant, the effects of exposure to A. 
thaliana of Am-MSNs of 50 nm diameter were assessed throughout the whole life cycle. At 
the tested concentrations seed germination and seedling growth of A. thaliana were promoted. 
Significant increases in root length and root hair density were found as were increases in 
biomass in the treated plants. In addition, exposure to Am-MSNs enhanced photosynthetic 
pigment content and promoted plant photosynthetic capacity. Photosynthetic pigment 
synthesis-related genes were up-regulated in treated A. thaliana and finally, a significantly 
higher seed yield was found in the A. thaliana plants exposed to Am-MSNs. These findings 
not only demonstrated that Am-MSNs were biosafe but also that they interacted with plant 
fundamental processes such as seed germination, growth, respiration, photosynthesis and seed 
yielding.  
Plant disease is now a major constraint to crop production and quality in agricultural and 
horticultural systems. Chemicals such as fungicides are widely applied to control crop disease. 
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However, the over use of agrochemicals has seriously impacted the environment and has led 
to the development of resistant strains of a number of plant pathogens and an increased cost to 
agricultural activity. Use of MSNs was examined as an alternative to traditional methods of 
agrochemical application. The phytohormone, salicylic acid (SA), was loaded into MSNs and 
used as a delivery system for the control of pineapple (Ananas comosus L.) root rot disease 
caused by Phytophthora cinnamomi. Decanethiol gatekeepers were employed not only to block 
the entrapped SA within the mesopores of MSNs but also as a method for controlling the release 
of SA via glutathione (GSH) stimulus within plant cells. High loading capacity and GSH 
dependent release of SA from decanethiol-capped MSNs were demonstrated in vitro. The in 
planta experiments showed that, compared to the use of free SA, the application of an MSN-
mediated system significantly improved pineapple resistance to P. cinnamomi in terms of 
inhibition of lesion development and enhancement of root growth. The quantification of SA, 
GSH and the pathogen defense related genes PR1 and PR5 further confirmed that the slow and 
prolonged release of SA from MSNs inside the roots of infected pineapple plants was achieved 
through a redox-stimulus release mechanism. MSN-mediated delivery with redox-responsive 
gatekeepers was successfully applied for plant disease control. 
Research presented in this thesis thus shows that small diameter MSNs can be used in a number 
of ways to influence plant growth and development, to facilitate the delivery of genes and also 
deliver various biomolecules to sites of action within plants. Among synthesized nanoparticles 
MSNs hold great promise for further development and utilization in plant-based systems. 
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Chapter 1. Literature Review 
1.1 General introduction  
Currently, with a constantly growing population, augmentation of food production to relieve 
food scarcity is one of the major challenges for the world. Agrochemicals such as fertilizers, 
pesticides, herbicides and plant growth promoters are playing crucial roles in promoting food 
productivity and quality since they not only provide crops with essential macro and micro 
nutrients but also protect crops from being affected by various biotic and abiotic stresses. 
However, when traditionally used, agrochemicals are usually vulnerable to decomposition or 
removal by environmental factors such as sunlight, rain and wind before they are taken up by 
crops (Iavicoli et al., 2017). Moreover, a large proportion of an agrochemical is not taken up 
by the crops due to the low efficiency of absorption (Mukhopadhyay, 2014). Therefore, 
multiple and periodic application of agrochemicals (and the adjuvants or surfactants in which 
they are delivered) is a common practice in agriculture.  Consequently, this not only requires 
much more input, but may also cause off target effects to the crops to which they are applied 
and the environment. This can lead to the incorporation of these chemicals into the food chain 
and potentially result in adverse effects on human health (Chhipa, 2017).  
The recent, rapid developments in nanotechnology and the production of a wide variety of 
nanomaterials open up many opportunities in numerous fields, including agriculture. The 
application of nanotechnology has the potential to improve food quality and productivity, and 
reduce the adverse effects of conventional agricultural practices on the environment and on 
human health (Fraceto et al., 2016). Broadly, engineered nanoparticles (ENPs) can be used in 
a variety of forms such as nutrients to promote seed germination and crop growth and as 
nanocapsules for fertilizers and, for pesticide and herbicide delivery to control disease, pests 
Chapter 1. Literature Review 
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and weeds (Ditta et al., 2015). In particular, ENPs when used as carriers may greatly improve 
the effectiveness of the encapsulated materials and reduce volatilization. Also, the controlled 
slow release of entrapped agrochemicals can be facilitated by using ENPs as a so-called “smart” 
delivery system (Chowdhury et al., 2017). 
Among the ENPs, mesoporous silica nanoparticles (MSNs) provide many advantages due to 
their unique properties and they therefore show great potential for delivery of agrochemicals 
into plants. In recent years, there have been an increasing number of studies on the application 
of MSNs as a delivery system to entrap various molecules and introduce them into plants. A 
number of molecules such as DNA (Torney et al., 2007, Martin-Ortigosa et al., 2014, Fu et al., 
2015), herbicides (Prado et al., 2011), pesticides (Popat et al., 2012, Cao et al., 2016) and plant 
hormones (Yi et al., 2015, Sun et al., 2018) have been imported into plants using MSNs as 
delivery vectors. However, the study on MSNs in plant systems is still in an initial stage and 
many questions remain about their uptake, distribution and use in plant systems. For example, 
the interactions between MSNs and plants are far from being fully understood as only a few 
reports have assessed the effects of MSNs on plant growth and development (Sun et al., 2016). 
Moreover, most of the research that has reported application of MSNs as delivery vectors has 
used them to encapsulate molecules inside the mesopores without closing them with 
‘gatekeeper’ molecules and therefore cargo is passively released which cannot achieve one of 
the goals of smart and controlled release. Therefore, more studies are needed to fully exploit 
the potential applications of MSNs in plant systems. 
In the natural environment, plants are exposed to a wide-range of biotic and abiotic stress which 
may impede plant growth and result in disease. For instance, the disease caused by 
Phytophthora cinnamomi Rands,  a soil-borne pathogen, is now widespread and causes 
destructive plant losses in many areas that exhibit a Mediterranean climate (Burgess et al., 
2017). To protect plants from disease, the treatments with various agents such as plant extracts 
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and synthetic chemicals may induce systemic acquired resistance (SAR) following pathogen 
attack (Walters et al., 2013, Alexandersson et al., 2016). Also, studies have shown that the 
exogenous application of salicylic acid (SA) can trigger SAR against a wide range of bacterial, 
oomycete, fungal and viral pathogens that cause disease in many plant species (Faize and Faize, 
2018). Nanotechnological approaches to control plant disease have recently been explored 
(Kim et al., 2012, Ocsoy et al., 2013, Mitter et al., 2017) but none have used MSNs for 
entrapping and delivering protective molecules into plants. The following review summarizes 
the current understanding of how nanomaterials, including MSNs, can be used in biological 
systems. 
1.2 Applications of nanotechnology  
Nanoparticles (NPs) are referred to as materials of a single unit that in at least one dimension 
are between 1 and 100 nanometers (nm) in size (Dowling et al., 2004). Natural NPs can be 
produced by volcanic eruptions, sand storms, cosmic dust and even biological matter (e.g. 
viruses, bacteria) while ENPs are those particles acquired through the delicate design and often 
complicated synthesis of materials at the atomic, molecular, and macromolecular scale 
(DeLouise, 2012). ENPs have unique physicochemical, catalytic, mechanical, thermal, optical 
and electronic properties, primarily due to the reduced molecular size and the resultant changed 
interactions between molecules (Castillo et al., 2017).  
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Table 1.1 Application of nanoparticles (NPs) in different systems    
NPs System Application Reference 
Ag  
 
Human Anti-cancer Lim et al. (2017) 
Animals Metabolism modulation Jarak et al. (2017) 
Plants Growth, photosynthesis and 
antioxidant system 
Li et al. (2018) 
Plants Antibacterial Ocsoy et al. (2013), Qiu et al. (2015) 
Al2O3 
 
Human Cell adhesion and proliferation Aktas et al. (2012) 
Animals Cardioprotective effect El-Hussainy et al. (2016) 
Plants Proteomic response  Hossain et al. (2016) 
Plants Programmed cell death Yanık et al. (2017) 
Au Human  Electrochemical biosensors Chen et al. (2014a) 
Animals  Antibiotics Nirmala Grace and Pandian (2007) 
Plants Uptake and transport Li et al. (2016a) 
Plants Virus infection control Aref et al. (2013) 
Carbon  Human Magnetic resonance imaging Syed et al. (2015) 
Animals A phototheranostic platform Guan et al. (2016) 
Plants Plant pathogen detection Tahir et al. (2017) 
Plants Plant physiology and soil 
bacterial community 
composition 
Hao et al. (2018) 
CeO2 Human  Toxicity Kumari et al. (2014) 
Animals  Anti-inflammatory Oró et al. (2016) 
Plants Plant physiology Barrios et al. (2016), Majumdar et al. 
(2015) 
Clay  Human Drug delivery Dzamukova et al. (2015) 
Animals Drug delivery El-Feky et al. (2015) 
Plants RNAi delivery against viruses Mitter et al. (2017) 
Cu  Human Fluorescent probe Zhang et al. (2015a) 
Animal Vasoreactivity Majewski et al. (2017) 
Plants Fungicide Ouda (2014) 
Fe3O4 Human  Drug delivery Shete et al. (2015) 
Animals  Magnetic resonance imaging Sohn et al. (2015)  
Plants Viral infection detection Tang et al. (2014) 
MSNs Human Nanodevices Martínez-Carmona et al. (2018) 
Animals Vaccine delivery Mahony et al. (2013) 
Plants DNA and chemicals delivery Torney et al. (2007) 
Plants Protein and DNA codelivery 
Protein delivery 
Martin-Ortigosa et al. (2012), Martin-
Ortigosa et al. (2014) 
Plants Biomolecule delivery Hussain et al. (2013) 
Plants Cellular uptake  Sun et al. (2014) 
SiO2 Human Enhanced Penetration Gu et al. (2017) 
Animals An adjuvant Skrastina et al. (2014) 
Animals Toxic effects Duan et al. (2013) 
Plants Enhanced seed germination Rangaraj et al. (2012) 
Plants Enhanced fungal resistance  Suriyaprabha et al. (2014a) 
TiO2 Human Human plasma detection Ge et al. (2013) 
Animals Protection against UV-B 
toxicity 
Liu and Wang (2017) 
Plants Enhanced bacterial resistance Safavi (2014) 
Plants Root responses Ruffini Castiglione et al. (2016) 
ZnO Human Photodynamic therapy Ismail et al. (2014) 
Animals Particle accumulation Chen et al. (2017b) 
Plants Physiological responses Torbati et al. (2017) 
Plants Toxicity and deregulate 
antioxidant defenses 
Ghosh et al. (2016) 
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Nanotechnology is the design, characterization, production and application of structures, 
devices, systems and processes brought about by controlling matter shape and size at the 
nanoscale (Kagan et al., 2016). Combining knowledge of physics, engineering, chemistry and 
biology with advanced nanotechnology, researchers can manipulate materials at the molecular 
or even atomic scale which has created a totally new research area. In recent years, many 
breakthroughs have been achieved in the area of nanotechnology, including biotechnology, 
information technology, surface materials, manufacturing and nano-electronics (Du et al., 
2016). Recently, nanotechnology has been widely used in many fields which include 
agriculture, electronics textiles, construction, healthcare/medicines, water treatment, food 
processing to cosmetics (Chowdhury et al., 2017). Table 1.1 shows some of the most frequently 
used ENPs in human, animals and plant systems.  
1.2.1 Application of nanotechnology in agriculture 
Recently, nanotechnology has become more widely applied in agriculture. The unique 
properties of ENPs make them ideal candidates for the creation of novel tools to support a 
sustainable, modern agriculture (Fraceto et al., 2016). Agrochemicals are very important for 
agricultural production since they not only provide crops the needed nutrition but also protect 
crops from attack from various diseases and pests. However, when traditionally applied, a large 
portion of agrochemicals is wasted since they are taken up by crops that often have low 
absorption efficacy, and they may be  decomposed or removed due to climatic factors (Kumari 
and Yadav, 2014). Substituting nanofertilizers or nanopesticides for traditional ones is believed 
to be promising approach to solving this problem (Iavicoli et al., 2017, Kah et al., 2018). Many 
studies have demonstrated that a series of ENPs could facilitate seed germination and plant 
growth, which offered the possibility of application ENPs as novel fertilizers (Giraldo et al., 
2014, Lahiani et al., 2015, Cui et al., 2017). For example, previous research found that MSNs 
could enhance the photosynthesis activities of wheat and lupin, thus promoting plant growth 
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(Sun et al., 2016). In addition, fertilizers can be encapsulated by ENPs and then covered with 
various materials which both increases plant-uptake efficiency of nutrients and prolongs the 
nutrient release time, thus improving the usage efficacy of conventional fertilizers (DeRosa et 
al., 2010, Liu and Lal, 2015). For instance, Yu et al. (2012) reported that the release rate of 
nitrogen was effectively reduced through coating urea with modified polyvinyl alcohol film. 
Similarly, nanoformulation or nanoencapsulation of pesticides is an ideal substitute for the 
conventional one. It has been reported that many ENPs are active against plant pests and disease 
(Gopal et al., 2011, Giraldo et al., 2014, Ziaee and Ganji, 2016). Also, the low dose and a 
prolonged period of release of pesticides could be achieved by entrapping them inside various 
ENPs (Nair et al., 2010). In addition, nanoemulsion with oil or water increases the solubility 
and efficiency of pesticides against diseases and pests (Wang et al., 2007). Furthermore, 
precisely-targeted delivery and stability of active ingredient are further advantage of 
nanopesticides for crop protection (Chhipa, 2017). 
Nanosensors have been increasingly used in precision farming to determine, for example,  soil 
conditions, usage of water and chemicals, disease and pests information, state of crop plant 
growth and components and quality of processed foods through a real time monitoring system 
(Kumar et al., 2015). Also, novel, effective approaches for the removal of soil pollutants and 
waste water treatment can be devised by the application of reactive ENPs for the transformation 
and detoxification of pollutants (Park et al., 2013, Li et al., 2016b). In addition, various ENPs 
have been exploited to treat and pack agricultural products after harvest and during processing 
for extending shelf life and maintaining quality (Chen et al., 2014b, Kaphle et al., 2018).  
1.3 Effects of NPs on plants 
With the rapid development of nanoscience and wide application of nanotechnology, 
increasing amount of ENPs either directly or indirectly release into the environment in which 
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plants are an essential base component of all the ecosystems. Although the evolution of plants 
is usually accompanied by the presence of natural NPs, the interactions between plants and 
ENPs have aroused scientist’s attention as the uptake and accumulation of ENPs may result in 
physical or chemical toxicity on plants (Faisal et al., 2013). As plants are often the largest and 
final receivers within ecosystems they are not only directly affected by ENPs but may also 
influence the transformation and fate of ENPs and may eventually constitute a main route of 
exposure, via bioaccumulation, for  species that feed upon them through the food chain (Zhu 
et al., 2008, Zhang et al., 2015d). However, research on nano phytotoxicity is generally poor 
although in recent decades, some studies on the interactions between ENPs and plants have 
been conducted according to the guidelines of U.S. EPA (1996) or OECD (2003).  
The following two sections summarize current state of knowledge of the most widely used 
three types of ENPs including carbonaceous, metal-based and Silica ENPs that have been 
applied to plants.   
1.3.1 Carbonaceous ENPs  
Positive effects of carbonaceous ENPs on plant growth and development have been reported 
in previous studies. For example, Khodakovskaya et al. (2009) reported that multi-walled 
carbon nanotubes (MWCNTs) at the concentration of 10-40 mg L-1 could penetrate the thick 
coat of tomato seeds and facilitate water transport inside seeds, which eventually promoted 
seed germination and enhanced seedling growth. In addition, Tiwari et al. (2014) found that 
pristine MWCNTs at low concentrations could enhance the seed germination and increase 
seedling growth of maize (Zea mays L.) through promoting water and nutrient transport. In 
another study, Giraldo et al. (2014) showed that single-walled carbon nanotubes (SWCNTs) 
could transport and localize within the lipid envelope of extracted spinach leaf (Spinacia 
oleraceae L.) chloroplasts, increase over three folds higher photosynthetic activity, and speed 
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up maximum electron transport rates through a mechanism consistent with augmented 
photoabsorption. Furthermore, Lahiani et al. (2015) found that SWCNTs enhanced seed 
germination and increased growth of different organs of rice, corn, soybean, and tomato. On 
the other hand, the inconsequential or negative effects of carbonaceous ENPs on plants have 
also been reported. For instance, Rodrigues et al. (2013) demonstrated that a soil fungal 
community was greatly reduced after exposure to functionalized SWCNTs. In another study, 
using 14C-labeled C60 solutions as tested materials, Avanasi et al. (2014) evaluated the soil 
sorption, degradation, and plant uptake of fullerene. They found that C60 released to the 
environment was not highly bio-available for plants and would likely persist in soil for more 
than 1 year. Katti et al. (2015) found that the presence of SWCNT decreased the number of 
hydrogen bonds between water and DNA nucleobases in rice, resulting in DNA breakage and 
forming of hydrogen bonds. 
1.3.2 Metal-based ENPs 
Many studies demonstrate that the phytotoxicity of metal-based ENPs in plants are mainly 
determined by the properties of the ENPs, plant species, as well as experimental conditions, 
with both positive and negative impacts on plants being reported (Zhang et al., 2015d). For 
instance, Mirzajani et al. (2013) demonstrated that Ag NPs accelerated the root growth of rice 
(Oryza sativa L.) seedlings, caused induction of root branching and photosynthetic pigments, 
and increased root dry weight. Morteza et al. (2015) indicated that the foliar application of TiO2 
ENPs significantly promoted the content of carotenoids, total chlorophyll and soluble proteins 
in safflower (Carthamus tinctorius L.), thus eventually improving the grain yield. Barrios et al. 
(2016) claimed that CeO2 ENPs greatly enhanced shoot length, increased the content of total 
chlorophyll, chlorophyll a and chlorophyll b in the plants of tomato (Solanum lycopersicum 
L.), and eventually improved the yield of tomato fruits. Most recently, Liu et al. (2017) 
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indicated that TiO2 ENPs could alleviate the toxicity caused by tetracycline through reducing 
antioxidant enzyme activity back to normal levels and increased A. thaliana fresh biomass.  
In contrast, Wang et al. (2015b) reported that CuO ENPs significantly decreased the elongation 
and biomass of rice roots but greatly increased ROS in the meristem zone of treated roots. 
Majumdar et al. (2015) found that CeO2 ENPs did not significantly affect the growth of 
common bean (Phaseolus vulgaris) plants, but a significant decrease in the contents of major 
seed proteins mainly related to nutrient storage (phaseolin) and carbohydrate metabolism 
(lectins) was detected. Most recently, Pradas del Real et al. (2017) found that Ag ENPs 
inhibited the proliferation of Arabidopsis thaliana root hairs, caused a decrease in the 
expression of superoxide dismutase (FeSOD) but an increase in glutathione peroxidase (GPX), 
and eventually significantly reduced the growth of A. thaliana plants. 
The following two sections describe the current status of the use of silica-based NPs which 
have become increasingly used for application in plant sciences. 
1.3.3 Silica ENPs 
Silicon (Si) is the second most abundant element in the soil and is supplied to plants in the form 
of silicic acid (Nwugo and Huerta, 2008). Recently, the potential for application of silica 
nanoparticles (SNPs) in agriculture has excited researchers. Studies on the interactions of SNPs 
with plants have been conducted and many studies have shown that SNPs positively influenced 
plant growth, development and productivity.      
For instance, Yuvakkumar et al. (2011) reported that SNPs significantly favoured the growth 
of maize crops and an overall enhancement in seed germination, total chlorophyll content, 
number of leaves, and stem height and width was observed in the exposed plants. Also, Nair et 
al. (2011) observed good germination of rice seeds in the presence of FITC-SNPs compared 
with that in the control. Xie et al. (2012) sprayed SNPs onto the leaves of Indocalamus barbatus 
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McClure (a bamboo species) and detected an obvious increase in gas exchange and chlorophyll 
fluorescence in the treated plants. An enhanced photosynthetic capacity was observed in treated 
plants which was mainly attributed to increased photosynthetic activity of mesophyll cells. 
Also, Li et al. (2012) confirmed that foliar exposure to SNPs improved the nutritional function 
and the ability of scavenging active oxygen in In. barbatus leaves, thus effectively promoting 
the treated plant physiological function. Haghighi et al. (2012a) found that SNPs not only 
shorted seed germination time and increased seed germination rate of tomato, but also 
alleviated salt stress and facilitated the growth of tomato plants. Suriyaprabha et al. (2014a) 
reported that treatment with SNPs obviously increased total phenol content and promoted the 
activity of defensive enzymes of PPO and PAL in maize seedlings, thus enhancing the treated 
plant resistance against the phytopathogens Fusarium oxysporum and Aspergillus niger. 
Further, Suriyaprabha et al. (2014b) found that a foliar spray of SNPs to maize plants expanded 
leaf area and increased chlorophyll content, and reduced total organic compounds including 
ketones and phenols, which favoured the exposed plant growth. Tripathi et al. (2015) indicated 
that SNPs could relieve Cr (VI) phytotoxicity in pea seedlings and enhance plant growth 
through declining Cr accumulation and oxidative stress, up-regulating the antioxidant defense 
system and increasing the uptake of nutrient elements. Recently, research has been conducted 
using synthesized monodispersed MSNs of 20 nm in diameter with pore size around 2.6 nm to 
treat wheat (Triticum aestivum) and lupin (Lupinus angustifolius) plants. Results indicated that 
these MSNs promoted the growth and development of both crop species through augmenting 
the total chlorophyll content and photosynthetic activities in the leaves of the treated plants 
(Sun et al., 2016).  
In contrast, some studies have demonstrated that SNPs had either effect or adverse influences 
on plant growth and development. For example, inhibition of development and chlorosis were 
detected in A. thaliana seedlings exposed to negatively charged SNPs but no adverse influence 
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was observed after surface silanols were removed from the SNP surface or pH of the growth 
medium was adjusted to 5.8 (Slomberg and Schoenfisch, 2012). Inhibition of growth and a 
decrease in chlorophyll content were also observed in a green algae (Scenedesmus obliquus) 
when exposed to SNPs (Wei et al., 2010). Moreover,  Le Van et al. (2016) reported that SNPs 
dramatically reduced plant height, shoot and root biomass of Bt-transgenic cotton seedling as 
a result of oxidative stress. However, Cabello-Hurtado et al. (2016) showed that SNPs did not 
impact A. thaliana cell growth, viability or photosynthetic efficiency. 
Taken together, these inconsistent results highlight that although much effort has been directed 
towards assessment of the interactions between plants and ENPs, an understanding of toxicity 
and how that correlates with ENP physicochemical properties and their effects on different 
plant species is still very limited. Many details such as the mechanisms of NPs uptake, stress 
response, the fate and degradation of ENPs inside plants, environmental conditions that 
influence the interaction process, and the possibility of ENPs transmission from crops to 
humans all require much further investigation.  
1.3.4 MSNs in plants 
Among various ENPs, MSNs have been widely studied as a so called “smart” delivery systems 
in different life science fields such as medicine, nutrition, and food technology because they 
have many innately unique properties such as large surface areas and tuneable pore sizes, high 
loading capacity, good thermal and chemical stabilities, and outstanding biocompatibility 
(Setyawati and Leong, 2017). Particularly, the easily functionalized surface of MSNs provides 
great opportunities to produce new nanocarriers through combining different functional 
chemical groups (Chen et al., 2017a).    
The pioneering work of using MSNs as a delivery vector in plant system was conducted by 
Torney et al. (2007) who reported that MSNs delivered DNA into isolated tobacco protoplasts 
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and transported chemicals into tobacco leaves by bombardment. Since then, a growing number 
of studies on the application of MSNs in plants have been reported. For example, Prado et al. 
(2011) achieved the controlled release of herbicides picloram and 2,4-D by using carboxylic 
acid modified MSNs. Chen et al (2011) loaded a biological pesticide Pyoluteorin into 
unmodified MSNs and obtained the continuous release of this pesticide. Chang et al. (2013) 
loaded DNA into MSNs and imported the gene into the roots of A. thaliana. In another study, 
Martin-Ortigosa et al. (2014) introduced Cre recombinase protein into maize (Zea mays) cells 
by using MSNs as carriers. In another study, 2,4-D sodium salt was loaded into MSNs and soil 
column experiments indicated that this MSN-based system evidently reduced the soil leaching 
of a 2,4-D sodium salt (Cao et al., 2017). Recently, the plant hormones SA and abscisic acid 
(ABA) were loaded into MSNs and the mesopores were closed with decanethiol “gatekeepers”. 
Using these MSNs two phytohormones were successfully transported into A. thaliana and the 
controlled release of SA or ABA inside plants was achieved through GSH redox stimuli (Yi et 
al., 2015, Sun et al., 2018).  
Moreover, Sun et al. (2014) reported the uptake by wheat, lupin, maize and A. thaliana of 
MSNs and their movement to the aerial parts of those plants using fluorescein isothiocyanate 
(FITC) labeled MSNs (FITC-MSNs), TEM and proton-induced x-ray emission (microPIXE) 
elemental analysis (Figure 1.1). Results show that MSNs penetrated into the roots via 
symplastic and apoplastic pathways and then via the conducting tissues of the xylem to the 
aerial parts of the plants including the stems and leaves (Hussain et al., 2013, Sun et al., 2014). 
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Figure 1.1 The uptake of MSN-FITC by wheat. (a-c) Images of cross section of wheat root, 
stem and leaf treated with MSN-FITC under bright field, (d-f) images of the same regions of 
(a-c) under green channel, (d) The distribution of MSN-FITC in the Casparian band of the 
developed root and smooth flow of MSN-FITC towards the xylem, (e) MSN-FITC in the 
intercellular spaces and in the endodermis of the stem and f showing accumulation of the MSN-
FITC in the xylem and associated cells of the vascular tissue. (d-f) The magnified inset in these 
images clearly shows the accumulation of FITC labeled MSNs. (g-i) Merged images of (a, d), 
(b, e) and (c, f), respectively.  Where x xylem, c cortex, ep epidermis and en endodermis. Scale 
bars = 25 µm (Sun et al., 2014). 
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1.4 Synthesis, functionalization and characterization of MSNs 
1.4.1 Development of MSNs 
The first formal document describing MSNs was reported in 1971 (Chiola et al., 1971), but 
these new materials raise little attention because of the lack of knowledge about their unique 
physicochemical properties (Carreon, 2008). In 1994, a clear description for mesoporous 
materials (pore size ranging from 2 to 50 nm) was defined and presented by the International 
Union of Pure and Applied Chemistry (Rouquerol et al., 1994). After that, MSNs have been 
used as carrier systems in different research areas to load and transport various molecules, 
especially for drug delivery in dealing with diseases in animals and humans. MSNs own many 
excellent properties such as high specific surface area and large pore volumes which allow 
accommodation of a variety of functional groups and cargo molecules (Menon and Leong, 
2016). In addition, the flexibility in controlling size and shape, their high physical and chemical 
stability under physiological conditions, their biocompatibility and biodegradability, all make 
MSNs the ideal delivery vector for various purposes (Beck et al., 2017). Furthermore, 
appropriate gatekeepers can be used to block the entrance of the mesopores so that the loaded 
cargoes can effectively reach the specific sites. Through this mechanism, the controlled and 
sustained release system is achieved through the gatekeeper’s response to internal or external 
stimuli, including competitive binding, redox activation, pH and temperature variations, and 
light initiation (Lu et al., 2014b) .  
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1.4.2 Characteristics of MSNs 
The unique mesoporous structure of MSNs is one crucial characteristic since it mainly 
determines MSN loading capacity and the release duration period of the encapsulated cargoes  
(Kim et al., 2010b). Table 1.2 illustrates the few porous silica NPs which have been widely 
studied so far (Wang, 2009, Yiu and Wright, 2005). Note in the table that a space group refers 
to the symmetry group of a configuration in space, usually in three dimensions. 
 
                               Table 1.2 Pore size and structure of MSNs 
MSNs      Space group       Pore diameter (nm)          Channel structure 
FDU-12                   Fm3m Min 4-9; max 10-12            Face centered cubic arrangement                                                    
of cages  
HMS P6mm 2-5                 Hexagonal 
MCM-41 P6mm 2-5 Hexagonal 1D channel 
MCM-48                  Ia3d 2-5 Bicontinuous 3D 
SBA-1                      Pm3n 2-4                 Cubic 3D 
SBA-3                      P6mm 2-4                 2D hexagonal 
SBA-15                    P6mm 5-10               Hexagonal 1D channel 
SBA-16                    Im3m Min 1-6; max 4-9               Body center arrangement of cages 
 
Generally, the mesoporous structure can be divided into four major types including cubic, 
hexagonal, bicontinuous and lamellate according to their space group parameter. Among all 
these MSNs, SBA-15, MCM-41 and MCM-48 are the most commonly synthesized and applied 
mesoporous NPs. SBA-15 and MCM-41 have typical two-dimensional hexagonal structures 
with one-dimensional channel straight forward from the axial direction of a mesostructured 
cylinder (Figure 1.2, black arrow). However, the high length-to-diameter ratio in MCM-41 and 
SBA-15 prevents guest molecules from reaching the central site of hexagonal channels, which 
dramatically reduces drug loading efficiency. 
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Figure 1.2 TEM image of MSNs with honeycomb-like structure. Red arrow: pores in the radial 
way; Black arrow: 2-D channel in axial way (Vivero-Escoto et al., 2010). 
In contrast, MCM-48 possess a typical cubic 3-dimensional porous structure and each pore 
entrance is located in the surface of the spherical particles (Figure 1.3). This unique structure 
of an interconnected network among mesopores, allows greater opportunity for guest 
molecules to reach the inside of the particles, thus greatly increasing the loading capacity of 
MSNs (Choi et al., 2014).  
                
Figure 1.3 TEM images of MSNs. The magnified part of the particle showed the pores that 
were branched and interconnected (Choi et al., 2014). 
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1.4.3 Synthesis of MSNs 
In recent years, many synthesis protocols for the preparation of MSNs have been developed in 
order to control the size and morphology of these NPs. A series of elements such as the 
properties and concentrations of chemicals used, the temperature and pH value of the reaction 
system, and the reaction time contribute to the properties of the synthesized MSNs (Setyawati 
et al., 2016). Several factors such as complete and uniform particle size, controllable pore size 
with large loading capacity, and well-suspended stable solution should be taken into 
consideration when assessing the quality of MSNs (Wang et al., 2015c). Therefore, to achieve 
this goal, a thorough understanding of MSNs synthesis mechanism and the key factors 
influencing the formation of MSNs is needed.  
Three crucial components including silica precursor, silica catalysts and surfactant templates 
are involved during the process of MSN synthesis. In brief, the surfactant templates form 
micelles which develop into a mesoporous structure; the silica precursor forms the silica 
framework by wrapping around the outside of the micelles; and the catalysts (bases or acids) 
speed up the hydrolysis and condensation of the silica precursor. The growth mechanism and 
property of MSNs is mainly influenced by these elements (Suteewong et al., 2013). The actual 
process could be more complex. An example of the synthesis of dual MSNs is illustrated in 
Figure 1.4. During the process of formation a micelle, various reaction conditions, including 
the concentration and type of surfactants, reaction time and stirring speed, reaction mixture 
temperature and PH, have great effect on micelle formation and sizes of the pore and particle  
(Niu et al., 2010).  
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Figure 1.4 Mechanism of synthesizing dual-mesoporous silica materials. (a) THF solution of 
polystyrene-b-poly (acrylic acid) (PS-b-PAA). (b) CTAB-coated PS-b-PAA aggregates 
produced between CTA+ and PAA- through the electrostatic interaction. (c) Core part 
produced from the assembly between CTAB-coated PS-b-PAA aggregates and tetraethyl 
orthosilicate (TEOS); (d) Mesoporous shell formation via the self-assembly between CTAB 
and TEOS; (e) Final core-shell structured dual-mesoporous silica spheres formed (Niu et al., 
2010).  
 
In order to obtain uniform and mesostructured SNPs, surfactants are essential for forming 
mesopores and defining the mesoporous structure. At present, cationic and non-ionic 
surfactants are the two most widely used chemicals for the production of mesoporous solids 
(Venkatathri, 2007). Most surfactants contain one non-polar molecular chain with a 
hydrophobe while a polar part contains a hydrophile, leading to mutual compatibility with both 
oil and water (Huo et al., 1996). During the synthesis process, the formation of surfactants in 
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aqueous solution is one very important step determining the mesostructure. Also, the 
concentration of cetyltrimethylammonium bromide (CTAB) has a great effect on the geometric 
shape of MSNs (Ma et al., 2016b). In particular, the pore size of MSNs is of crucial importance 
since it determines the size of molecules that can be encapsulated into the mesopores. Recently, 
many methods have been explored to control the pore size of MSNs. The most common way 
is to use appropriate swelling agents such as heptane, hexane, decane and 1, 3, 5- 
trimethylbenzene (TMB) (Santos et al., 2016). In addition, manipulating synthesis conditions 
such as hydrothermal treatment temperature and stirring time, the pH of the synthesis system, 
and the chain length of the surfactant are useful for obtaining MSNs with a desired pore size 
(He et al., 2017). 
1.4.4 Modification of MSNs 
The aggregation of MSNs in a biological environment caused by the silanol groups on the bare 
silica surface of particles results in poor biocompatibility in vivo (Sardan et al., 2014). However, 
the abundant Si-OH bonds are flexible enough to be modified by various chemicals onto the 
surface of MSNs and their interior channels (Figure 1.5), which is an effective way to improve 
the biocompatibility of the particles as well as the efficiency of MSNs based delivery system  
(Li et al., 2017).  
The surface of a particle is the major factor determining the interaction between particle and 
its environment. This is especially relevant in the case of ENPs, due to their large surface-to-
volume ratio and surface area (Baeza et al., 2015). Therefore, it is essential to design MSNs 
with desirable surface properties (charges or liberative chemical bonds) for on demand 
controlled release or the attachment of functional groups for specific targeting. Various 
linkers/ligands such as thiols and amines are commonly used to conjugate onto MSN surfaces 
through the rich silanol groups for the functionalization of MSNs with peptides, 
Chapter 1. Literature Review 
20 
 
oligonucleotides, small interfering siRNA, and other active molecules (Chen et al., 2017a). 
Two special domains can be independently functionalized for the unique properties of MSNs: 
the surface of the nanopores and the NP’s outermost surface. The interior pores can protect a 
high loading of organic molecules while the external surface can be selectively functionalized 
to attain site-specific targeting ability (Chou et al., 2011).  
 
 
Figure 1.5 Modification of MSNs to form a delivery system. (A) Other NPs linked to MSNs as 
gatekeepers. (B) Guest molecules loaded inside channels. (C) Stimuli-responsive linkers. (D) 
Polymer coating which protects the guest molecules. (E) Bioimaging agents. (F) Targeting 
ligands. (G) DNA. (H) Additional ligands. (I) A diagnostic label incorporated. (J) Stimuli-
responsive polymers. (K) Functional groups attached (Vivero‐Escoto et al., 2010). 
 
Currently, two major approaches, co-condensation and post-synthesis grafting, are usually 
employed for MSNs surface modification (Kuthati et al., 2013). In brief, for the co-
condensation method, TEOS source and the organosilanes are added directly in the 
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synthesizing gel solution (Figure 1.6A). In the post-synthesis process, organosilanes are grafted 
onto the surface of silanol-containing MSNs by co-condensation of silanol groups with 
trialkoxy-organosilanes (Figure 1.6B). Thus, the functionalized MSNs can be widely applied 
for bioapplications in different areas such as protein/drug/gene/agrochemical delivery, 
biosensing, tracking bioimaging and targeting (Goto et al., 2017).  
 
 
Figure 1.6 A representation of organo-modified MSNs using one step co-condensation method 
by using sol-gel process. (A) and post-synthesis functionalization of MSNs (B) (Kuthati et al., 
2013).  
 
1.4.5 Approaches for biomolecule loading 
MSNs have the ability to absorb large amounts of chemical molecules inside the mesopores 
and on the external surface due to their unique features of high surface area and high pore 
volume. However, the task of loading agrochemicals inside pores with a diameter of only 
several nanometers is very challenging. Currently, three major loading methods including 
diffusion, solvent evaporation and melting are mostly used. Briefly, the main mechanism of 
the diffusion method is based on the principle that the chemical concentration in the solution 
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and inside mesopores is different. In this method, firstly, the loaded chemicals are dissolved in 
a defined solvent which depends on their solubility, and then followed by the addition of MSNs 
(Bouchoucha et al., 2014). The chemicals will move from the higher concentration (solution) 
into the area with lower concentration (mesopores of MSNs) because of the concentration 
gradient. The diffusion process will stop when an  equal concentration is reached (Zheng et al., 
2014). As for the melting method of loading, at first, cargoes should be melted by heating, thus 
the target molecules flow into MSNs mesopores. So, the viscosity of loaded cargo fluid at 
melting temperature is a crucial parameter that needs to be considered. Also, the chemical and 
physical stability of entrapped cargoes is greatly influenced by the high temperature, which 
usually limits the wide application of a melting approach. Finally, in most polymer-based 
delivery systems, target cargoes are loaded using the solvent evaporation measure (Boateng et 
al., 2010). Briefly, the molecules imported are dissolved in a solvent and completely mixed 
with the suspension of MSNs. Later on, the solvent is heated to a high enough temperature to 
evaporate and the resulting concentrated molecules are compacted to be entrapped into the 
pores (He et al., 2017). As a result, high loading efficacy can be obtained because of the high 
concentration difference. However, the vapor of most organic solvents is toxic to humans and 
may cause pollution to the environment. Recently, rotary evaporation has been exploited to 
collect the vapor of solvent to minimize adverse effects caused by previous methods. Moreover, 
the high loading efficiency is not influenced by the rotary system (Limnell et al., 2011). There 
are thus a number of ways in which cargoes may be loaded into MSNs, depending on the 
application the challenge then is to keep the cargo in the mesopores. 
1.4.6 The gatekeeping concept 
Once the guest molecules have been successfully loaded into the pores of MSNs, it is essential 
to ensure that the cargoes reach the target sites and that release occurs in a controlled manner. 
However, the conditions in the biosynthetic environment and those within cells are totally 
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different, leakage of introduced molecules may result before they reach the specifically desired 
areas inside a cell (Zhu et al., 2017). This undesired premature release will waste a large 
proportion of loaded cargoes which in turn greatly reduces the efficiency of the delivery system. 
Therefore, to achieve the two major aims of both maintaining a high loading capacity and 
controlling the release via, for example, stimulus-response, an encapsulation strategy is 
implemented through using molecular ‘gatekeepers’ to block the loaded molecules inside the 
mesopores (Figure 1.7). The surfaces of MSNs can be modified (exterior and interior pore 
surfaces) with functional groups, which serve as gating devices to prevent the undesired 
premature leakage of these guest molecules and the gating devices should be only responsive 
to a specific stimulus (Deodhar et al., 2017). In the past two decades, a range of stimuli sensitive 
gatekeepers have been developed such as quantum dots, supramolecular macrocycles, bio-
macromolecules, inorganic nanomaterials, polymers, host-guest assemblies and others to 
achieve the on-demand release of cargo (Gui et al., 2015, Wang et al., 2016a, Zhou et al., 2016). 
 
 
Figure 1.7 Schematic of an MSN loaded with guest molecules and end-capped with gatekeepers 
(Slowing et al., 2008). 
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1.4.7 Stimuli-responsive delivery system 
The application of MSNs as a delivery system for the controlled release of drugs was first 
reported in 2001 (Vallet-Regi et al.). The authors demonstrated that about 30 wt% of ibuprofen, 
an anti-inflammatory drug, was loaded into and occupied partially the mesopores of MSNs 
with the pore size of approximately 2.5 and 1.8 nm. A sustained drug release was observed 
when the ibuprofen-loaded samples were immersed into a stimulated body fluid (SBF) which 
had a composition very similar to the human plasma. Ever since, many efforts have been made 
to explore MSNs based systems capable of obtaining the controlled and sustained delivery of 
bio-active molecules. Consequently, a series of MSN-based smart stimuli-responsive delivery 
systems have been established by using various environmental stimuli including chemical and 
physical signals (Table 1.3).  
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Table 1.3 MSN-based gatekeeping delivery system for the controlled release of molecules  
Gatekeeper  Stimulus Trigger Guest molecule Reference 
Acetal-NPs  Ionic pH Melittin Schlossbauer et al. (2011) 
Au-NPs Redox EDA Rhodamine B Wang et al. (2016a) 
Cadmium sulfide-
NPs  
Redox DTT, ME Vancomycin, ATP Slowing et al. (2008) 
Chitosan Ionic pH Erythromycin 
DOX.HCl 
Pourjavadi and Tehrani 
(2014), Hu et al. (2014b) 
Copolymers  Ionic pH Cisplatin  Huang et al. (2017) 
Cucurbit[8]uril 
(CB[8]) 
Photo UV light  
(γ=350 nm) 
DOX.HCl Ma et al. (2015) 
Cyclodextrin  Redox GSH DOX Kim et al. (2010a),  Lee et 
al. (2011) 
Decanethiol Redox GSH Salicylic acid 
Abscisic Acid 
Yi et al. (2015) 
Sun et al. (2018) 
Diethylenetriamine  Ionic Anions, pH  Blue squaraine Casasús et al. (2004) 
Polydopamine Ionic pH DOX Cheng et al. (2017) 
Polyethyleneimine 
(PEI-FA) 
Ionic pH siRNA Ma et al. (2013b) 
Poly(n-
isopropylacrylamid
e) (PNIPAM) 
Temperature  Thermo-responsive  Protein  Yu et al. (2017) 
Poly(4-vinyl 
pyridine) 
Ionic pH [Ru(bipy)3]Cl2, 
calcein 
Liu et al. (2011) 
2-Pseudorotaxane 
[DNPD-CBPQT]4+ 
Redox NaCNBH3 Ir(ppy)3 Hernandez et al. (2004) 
2-Rotaxane R4+  
 
Redox Fe(ClO4)3, ascorbic 
acid 
Ir(ppy)3,  
rhodamine B 
Park et al. (2007) 
ZnO quantum dots Ionic pH DOX, ibuprofen Muhammad et al. (2011) 
Therapeutic peptide Redox GSH DOX Xiao et al. (2016) 
 
Note: EDA, ethanediamine; DTT, dithiothreitol; ME, mercaptoethanol; DOX.HCl, 
doxorubicin hydrochloride; GSH, glutathione; DOX, doxorubicin. 
 
1.4.7.1 pH-responsive  
The pH-responsive phenomenon is one of the most investigated characters to design and 
synthesize MSN-based delivery systems, especially in the drug delivery system (DDS) since 
the extracellular pH of most tumor tissues is more acidic (pH 6.5-6.8) than that of normal 
tissues (pH 7.4). Moreover, abnormal pH gradients exist at a subcellular level due to the pH 
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values in endosomes and lysosomes ranging from 4.5 to 5.5 (Karimi et al., 2016). Therefore, 
various pH-sensitive materials including pH-sensitive linkers (hydrazine, ester, acetal and 
hydrazone bond), polyelectrolytes, supermolecules and acidic-decomposable inorganic 
materials are used to cover the mesopores of MSNs as gatekeepers which are in response to pH 
value changes, thus achieving controlled drug release within specific desired targets (Song et 
al., 2017). For example, doxorubicin (Dox) was loaded into folic acid functionalized MSNs 
and then were coated with PEG and poly(2-vinylpyridine). The results demonstrated that only 
4% of Dox was release at pH 7.4 but the cargo quickly leaked out when the pH values decreased 
(Niedermayer et al., 2015). 
1.4.7.2 Redox-responsive  
Redox-responsive system is aimed to slowly release the transported cargo in the cell cytoplasm 
and its main concept is based on the obvious differences in redox levels between intracellular 
and extracellular fluid of tissues (Moreira et al., 2016). Usually, the redox-sensitive group of 
disulfide bond (S-S) could be degraded in the presence of reducing agent of glutathione (GSH), 
thus maintaining the delivery system stable in the extracellular environment and obtaining the 
controlled release of drug directly into the cytosol (Cheng et al., 2017). For instance, Xiao et 
al. (2016) reported that a therapeutic agent and anticancer drug were encapsulated inside MSNs, 
and then a therapeutic peptide shell was coated as the gatekeeper. The peptide capping shells 
would detach from MSN surface because of the high concentration of GSH in cancer cells, 
triggering the entrapped drug to dissolve into cytoplasm after disruption of disulfide bonds. 
Yang et al. (2017) loaded DOX into MSNs and used ultra-small gold ENPs as gatekeepers to 
cover the mesopores. The controlled release of DOX was achieved in the presence of high level 
GSH. Notably, in a study in plants loading MSNs with salicylic acid or abscisic acid and 
employing decanethiol as gatekeepers, our research group successfully achieved the controlled 
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release of the key phytohormones SA and ABA through GSH redox stimuli inside plants (Yi 
et al., 2015, Sun et al., 2018).     
1.4.7.3 Enzyme-responsive  
Enzymes are involved in many physiological and pathological processes, which makes it 
possible to create enzyme-mediated drug delivery system. Moreover, enzyme catalyzed 
reactions can occur under normal conditions such as room temperature and neutral pH (Hu et 
al., 2014a). Recently, many enzyme-triggered functionalized MSN based delivery systems 
have been widely exploited   (Liu et al., 2015a, Fernando et al., 2015, Kumar et al., 2017). For 
example, Hu et al. (2016) reported the application of MMP-2 activated fluorescence imaging 
peptides as diagnostic probes and enzyme-responsive gatekeepers in the MSN-based drug 
delivery system. Tumor imaging and triggering drug release achieved at tumor tissue because 
of the hydrolysis of MMP-2 sensitive peptide substrate. Recently, Hu et al. (2017) reported the 
utilization of enzyme-responsive polylysine-dopamine (PLDA) film as a gatekeeper to coat 
RhB or DOX loaded MSNs. An effective drug release was detected due to the degradation of 
peptide bonds triggered by enzyme pepsin in cancer cells.  
1.4.7.4 Other single stimuli-responsive systems 
Recently, a series of light-responsive systems have been created for on-demand drug release 
which is triggered by light irradiation at a specific wavelength (ultraviolet [UV], near-infrared 
[NIR] or visible) (Ferris et al., 2009, Yang et al., 2013, Wang and Wu, 2016). Also, changes in 
surrounding temperature were exploited to obtain controlled cargo release from MSNs which 
were surface-coated with thermo-sensitive materials (Chen et al., 2011a, Zhang et al., 2015b, 
Martelli et al., 2013). Meanwhile, the application of external magnetic fields is another way for 
manipulating the controlled release of molecules to the desired locations (Chen et al., 2011c, 
Guisasola et al., 2015, Tian et al., 2018). Moreover, there are some other types of single stimuli 
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that have been used including H2O2 (Geng et al., 2012), glucose levels (Geng et al., 2012) and 
ultrasound (Paris et al., 2015). 
1.4.7.5 Multi-stimuli responsive 
Apart from above mentioned methods, MSN-based delivery systems can be designed to be 
sensitive to two or even more stimuli, which evidently enhances the specificity of cargo 
delivery. Meanwhile, these multi-stimuli responsive systems may achieve a higher loading 
capacity and longer sustained release times (Karimi et al., 2016). For example, Karimi et al. 
(2016) utilized a pH/thermo-sensitive polymer to coat MSN surface. The copolymer shell was 
hydrophilic and expanded below the LCST/high pH values, covering the pores and entrapping 
the drug. The copolymer transformed to a hydrophobic state and shrunken conformation when 
the system was under an acidic pH environment or the temperature was higher than the LCST, 
thus uncovering the pores and releasing the drug. Yilmaz et al. (2015) created an MSN-based 
pH and sugar multi-responsive delivery system using β-CD as a gatekeeper which was 
connected to the MSN surface through boronate ester groups to cover the mesopores. These 
esters would be removed at low pH or in the presence of sugars, thus releasing the entrapped 
drug. In addition, many other multi-stimuli responsive systems have been created in recent 
years such as the coupling of pH and redox stimulus (Zhang et al., 2014b), redox/enzyme 
stimulus (Zhao et al., 2015), cellulose and pH triggers (Hakeem et al. 2016) and the coupling 
of acid, alkali and Zn2+ (Ding et al., 2016).  
1.5 Methodology for delivery of nucleic acids to plants 
Plant genetic engineering is recognized as one of the most powerful tools for molecular crop 
breeding. The conventional method for deliver gene to plants include particle bombardment, 
Agrobacterium tumefaciens and DNA uptake into protoplast (Sanagala et al., 2017). In recent 
years, new techniques such as clustered regularly interspaced short palindrome repeats 
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(CRISPR), zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases 
(TALENs) have emerged and been employed to increase both the precision and applications 
of plant genetic engineering (Zhang et al., 2013). In particular, with the rapid development of 
nanotechnology, ENPs have become a promising candidate for the delivery of gene into plants 
(Torney et al., 2007, Martin-Ortigosa et al., 2014). 
1.5.1 The structure and function of plant cell walls 
The plant cell wall, a natural barrier outside of the cell membrane, mainly consisted of cross-
linked cellulose, which not only offers structural strength to the plant and prevents the plant 
cell from mechanical injury but also provides a pathway through which two adjacent cells 
exchange materials (Etxeberria et al., 2006). These physical and chemical features are evidently 
vital for all vascular plants to remain upright, transport water and nutrients, and defend 
themselves from external biotic or abiotic stress in natural environment (Kazuhiko Nishitani 
and Demura, 2015).  
The pore sizes within most plant walls are usually several nanometers (Figure 1.8), and this 
can be influenced by different factors such as divalent ions, pH and boric acid (Doblin et al., 
2010). To interact with and plants, ENPs have to initially penetrate the natural barrier of cell 
walls, and then be absorbed and translocated inside plants. However, the sizes of many of ENPs 
are much bigger than the pore sizes of plants, and the usual aggregation of ENPs at the surface 
of plants poses a further barrier to the penetration of ENPs into plant cells. Despite this, large, 
new pores could be formed, which were induced by the presence of ENPs, leading to the 
infiltration of large particles through plant cell walls (Navarro et al., 2008). Another hypothesis 
is that ENPs can penetrate into cell walls and pass through to the plasma membrane because of 
the existing possibility of discontinuities or defects in the cell walls in many plants 
(Hischemöller A et al., 2009). 
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                     Figure 1.8 Schematic of plant cell walls (Doblin et al., 2010) 
 
1.5.2 Conventional methods of gene transfer to plants 
Plant genetic engineering is a powerful tool which has been widely utilized for the study of 
plant functional genomics, new insights into gene function, and investigation of genetically 
controlled characteristics (Narusaka et al., 2012). Currently, two major methods, direct and 
indirect gene delivery systems, are applied for the delivery of exogenous genes to plant cells. 
In indirect genes delivery systems, target genes are imported into the specific cell via bacteria, 
usually Agrobacterium tumefaciens or (less commonly) Agrobacterium rhizogenes (Tzfira and 
Citovsky, 2006). On the other side, no intermediate host is used in the direct transformation 
and the most commonly used approaches are protoplast transformation or biolistic 
transformation (Ali et al., 2015). The plant transformation mediated by Agrobacterium is a 
highly complicated process and has been widely applied for genetic modification in many plant 
species for various purposes such as crop productivity and quality improvement, better uptake 
and usage of growth factors, herbicide and insect tolerance enhancement which are all very 
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important for the world food security (Cho et al., 2015, Endo et al., 2015, Shantha et al., 2012) . 
However, in some plant species, the transformation rates are very low because of the organism 
host specificity. Moreover, with the susceptible plants, accessible culture/regeneration systems 
must be adaptable to Agrobacterium-mediated gene transfer. Particle bombardment or 
biolistics method is another commonly used approach for genetic transformation due to the 
advantages of short processing time and simplicity for introduction of multiple genes 
(Rakoczy-Trojanowska, 2002). This method is not confined to the specific cell 
electrophysiological properties and no vector with specific sequence is required when 
conducting the gene transformation (Rivera et al., 2012). However, side effects such as altered 
gene expression or even gene silencing may occur because of the integration of multiple copies 
of the target transgene (Hansen and Wright, 1999). Moreover, the investment in and 
maintenance of the gene gun equipment is relatively high. Currently, PEG-mediated 
transformation using protoplasts is another popular approach for performing transient gene 
expression research. The process is simple and no specialized equipment is required 
(Barampuram and Zhang, 2011). Moreover, PEG based vehicles are less toxic and more 
resistant to nonspecific protein adsorption, which make them an attractive alternative for gene 
delivery (Moore et al., 2009).  Till now, PEG-mediated gene transformation in protoplasts has 
been successfully achieved in various plant species (Yoo et al., 2007, Yang et al., 2014b, Cao 
et al., 2014, Nanjareddy et al., 2016).  
1.5.3 MSN-mediated gene transfer to protoplasts and plants 
As gene carriers, MSNs have obvious advantages compared with traditional carriers. In 
addition, MSNs can be easily functionalized to have a positively charged surface, which 
facilitates the combination with negatively charged nucleic acids, while the remaining positive 
charges of the complex are favorable for cell entry since the cell membrane is negatively 
charged (Li et al., 2016d).  
Chapter 1. Literature Review 
32 
 
Recently MSNs have been used as gene carriers for incorporation into mammalian cells 
(Slowing et al., 2008, Kar et al., 2013, Meka et al., 2016). However, the utilization of MSNs in 
plant cells is still very limited since gene delivery into plant cells is a challenging task because 
of the barrier of plant cell walls (Nair et al., 2010). The first description of the application of 
MSNs as vectors for delivering bio-molecules into plants was reported by Torney et al. (2007). 
In this study a plasmid which contained the green fluorescent protein (GFP) gene was loaded 
into the pores of MSNs and then they were incubated with tobacco protoplasts. Their results 
indicated GFP transient expression in the mesophyll protoplasts (Figure 1.9). In addition, they 
also loaded the GFP gene into MSNs and capped the pores with gold ENPs. The MSNs 
containing the GFP gene were then introduced into tobacco cotyledons using a gene gun and 
the expression of GFP was detected in the tissues. 
 
 
Figure 1.9 GFP transient expression in tobacco mesophyll protoplasts incubated with MSNs. 
The top protoplast contains an endocytosed MSNs (arrows in merged channel) expressing GFP 
and the bottom protoplast without MSN. Auto-fluorescing chloroplasts are in red (arrows) 
(scale bars = 10 mm) (Torney et al., 2007). 
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Pasupathy et al. (2008) imported GFP-encoding plasmid DNA into turfgrass cells using poly 
(amidoamine) dendrimers and the expression of this foreign gene was determined in the plant 
cells through confocal fluorescence microscopy. Another study indicated that, facilitated by 
ultrasound, plasmid DNA-nanoparticle complexes could pass through the cell wall, cell 
membrane and nuclear membrane of suspension cells of Dioscrea Zigiberensis G H Wright 
(Liu et al., 2008). Using conjugated polymer nanoparticles, Silva et al. (2010) successfully 
delivered siRNAs into tobacco protoplasts and the foreign siRNAs exerted their functions 
inside the cells by knocking down a target gene. Martin-Ortigosa et al. (2012) functionalized 
MSNs with gold nanoparticles and used them as platforms for delivery proteins and plasmid 
DNA into the leaves of tobacco and teosinte with the aid of bombardment. In another study, 
Chang et al. (2013) demonstrated that MSNs served as carriers to deliver foreign DNA into 
intact A. thaliana roots without the aid of mechanical force. Gene expression was observed in 
the epidermal layer and the more inner cortical and endodermal root tissues by using both 
fluorescence and antibody labeling (Figure 1.10). Martin-Ortigosa et al. (2014) directly 
introduced the Cre recombinase protein into maize (Zea mays) cells by using MSNs as carriers. 
The Cre protein was loaded inside the pores of gold-coated MSNs (600 nm particle size with 
an average pore diameter of 10 nm), and these particles were delivered by the biolistic method 
to plant cells harboring loxP sites flanking a selection gene and a reporter gene. Cre protein 
was released inside the cell, leading to recombination of the loxP sites and elimination of both 
genes. Fu et al. (2015) utilized MSNs to introduce plasmid-encoded β-glucuronidase (GUS) 
gene into tobacco with the bombardment and obtained stable transgenic tobacco plants.  
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Figure 1.10 MSN-mediated gene delivery. mCherry protein gene expression (red) was 
visualized in endodermal (A) and cortical (B) cells of A. thaliana root after incubation with 
MSN/DNA complexes. Additionally, TMAPS/F-MSNs (green) were observed in root cells 
expressing mCherry (green channel). Scale bars = 50 mm (Chang et al., 2013). 
 
Studies have shown that this nano-biomaterial cannot only solve the problem of foreign genes 
being able to easily pass through plant cell walls, but also promote the uptake efficiency of 
desirable chemicals by plants. Hence, in the next section, I will exploit the application of MSNs 
as delivery system to improve the efficiency of conventional chemicals for the control of plant 
diseases. 
1.6 Application of MSNs to plants to ameliorate biotic and abiotic stress 
Plants in the natural environment face various abiotic and biotic stresses that may compromise 
growth and development throughout their life cycle. For example, diseases caused by 
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pathogens impede the normal physiological processes within plants and lead to reductions in 
crop yield or indeed plant death (Meena et al., 2017). In particular, one of the most damaging 
groups of pathogens are the oomycetes of which P. cinnamomi is arguably one of the most 
successful (Cahill et al., 2008, Allardyce et al., 2012, Hardham and Blackman, 2010). The 
following two sections outline the problems that are caused by biotic and abiotic stresses and 
also some applications of nanomaterials to ameliorate their effects. 
1.6.1 Abiotic stress on plants 
It has been estimated that globally, half of the yield of the major crop plants is lost because of 
abiotic stress factors such as cold, heat, drought, salinity, nutrient stress and heavy metal 
pollution (Thakur et al., 2010). In recent years, studies have found that application of SNPs 
effectively reduced various abiotic stresses and promoted plant growth and development (Cui 
et al., 2017). For example, Tripathi et al. (2015) reported that SNPs protected pea seedlings 
(Pisum sativum L.) against Cr (VI) phytotoxicity by decreasing Cr accumulation and inducing 
the antioxidant defense system. Alsaeedi et al. (2017) found that the application of SNPs 
significantly alleviated the detrimental effects of Na+-derived salinity in bean (Phaseolus 
vulgaris). In another study, Tripathi et al. (2017) showed that SNPs treatment could reduce 
oxidative stress by enhanced antioxidants, thus protecting wheat seedlings against UV-B stress. 
Furthermore, the phytohormone ABA was imported into A. thaliana plants through an MSN-
based redox-responsive delivery system. The controlled release of ABA was achieved using 
drought as a stimulus, prolonging the release of ABA and improving plant survival (Anwar, 
2017, Sun et al., 2018).  
1.6.2 Biotic stress on plants 
During their whole life cycle, plants are exposed to a wide-range of pests and pathogens in 
their natural environment including bacteria, fungi, oomycetes, viruses, nematodes and insects. 
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Plants and pathogens are engaged in a continuous battle, with pathogens evolving to 
circumvent plant defense mechanisms and plants responding through enhanced protection to 
prevent or mitigate damage induced by pathogen attack (Qiao et al., 2010). In natural systems, 
throughout this co-evolutionary process, pathogens are generally at an advantage relative to 
their hosts due to their shorter generation time and large population sizes (Iranzo et al., 2015). 
Consequently, this allows pathogens to generate more mutations in a fixed period of time and 
hence enhances their ability to respond to changes in host defense systems (Thomas et al., 
2010). Under the selective pressure caused by the pathogens, plants have evolved various 
particular resistance systems to protect themselves. These systems usually include the 
successful detection of pathogen invasion and are followed by physiological and biochemical  
changes that act against the invaders (Palmer et al., 2017).  
Recently, researchers have found that SNPs could be applied to manage plant disease. For 
instance, Suriyaprabha et al. (2014a) indicated that the application of SNPs to maize could 
improve resistance against Fusarium oxysporum and Aspergillus niger. Their results showed 
that SNPs treatment increased the content of phenolic compounds while reduced the activities 
of   stress-responsive enzymes. In another study, Ziaee and Ganji (2016) found that SNPs 
effectively protected wheat against the insect pests Tribolium confusum Jacquelin du Val and 
Rhyzopertha dominica F. 
1.6.3 Effects of P. cinnamomi on plants  
P. cinnamomi Rands, the most important Phytophthora pathogen of woody plants, including 
forest trees was first described in Sumatra in 1922 as the cause of stripe canker on the cinnamon 
tree (Robin et al., 2012). It is a soil-borne pathogen that causes disease in plants by interrupting 
essential physiological and chemical processes through the invasion of the root system and 
causes root and crown rots, resulting in shoot dieback, chlorotic foliage and defoliation (Cahill 
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et al., 2008, Cahill et al., 1996). Thin-walled or hyphal swellings chlamydospores are usually 
formed in water, but may be slow to form and are sparse in agar media (Figure 1.11). P. 
cinnamomi is heterothallic and usually only one mating type is found in an area while oogonia 
cannot be found in single culture. P. cinnamomi is now widespread and causes destructive plant 
losses in areas with a Mediterranean climate including parts of the Mexico, Australia, United 
States and the Iberian Peninsula (Burgess et al., 2017).     
 
        
Figure 1.11 P. cinnamomi chlamydospores (black arrows)with hyphal swellings (blue arrows) 
(Robin et al., 2012).  
 
Disease induced by P. cinnamomi begins with the activity of motile zoospores, and the infected 
plants typically demonstrate drought-like symptoms (extensive chlorosis of the leaves), and 
then die-back and death of the plants occur (Hardham and Blackman, 2010). The host response 
to P. cinnamomi varies among different species and is often multifaceted with genes 
differentially regulated following pathogen infection through to pathogen spread (Sanewski et 
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al., 2017). Currently, P. cinnamomi dramatically threatens plant biodiversity in Australia 
because it can infect on wide range of plant species such as pineapple, avocado, rhododendron 
and Australian native tree species in a wide range of ecosystems including tropical and 
temperate rainforests, woodlands and sclerophyll forests (Hardham and Blackman, 2018). 
However, Phytophthora pathogens are extremely difficult to tackle because they are 
phylogenetically distinct enough to lack many of the canonical molecular targets of labelled 
fungicides and their ongoing evolution of resistance is also a tough issue (Rolando et al., 2017, 
Lawrence et al., 2017).  
At present, the two chemicals of metalaxyl and phosphite are frequently applied to control P. 
cinnamomi. However, their prolonged use has led to decreased sensitivity and the development 
of resistance (Hardham and Blackman, 2018). Moreover, a serious limitation for current 
research into the efficacy of chemical treatment is that there is no fast and accurate method for 
the detection of the active phosphorous-based molecule within plant tissues (Gunning et al., 
2013).  
1.6.4 Conventional methods of plant disease control 
Currently, two major approaches including the breeding of disease resistance crop varieties and 
the applications of chemicals (fungicides and antibiotics) are widely applied to control plant 
disease (Mikaberidze et al., 2015). In traditional breeding for the selection of resistant crop 
varieties it is easier to import dominant or semi-dominant R genes into existing crop varieties 
since they could be selected functionally in each generation (Dangl et al., 2013). However, this 
strategy is time consuming and low efficacy since cross breeding needs several generations to 
confirm the stable of target genetic characters. Currently, compared with other approaches for 
disease-resistant crops selection, genetic engineering is faster and permits transference of target 
individual traits into crops in an accurate manner (He et al., 2016).  
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1.6.5 Agent-induced plant disease resistance  
Treatments of plants with a variety of biotic and abiotic agents, extracted from either plant or 
microbes, or synthetic chemicals such as agrochemicals, can trigger systemic acquired 
resistance (SAR) or/and induced systemic resistance (ISR) to pathogen infection (Walters et 
al., 2013).  Such resistance induced by these agents, called plant resistance inducers, resistance 
elicitors or defense activators, can control between 20 and 85% disease and is broad-spectrum 
and last very long time (Walters et al., 2013, Alexandersson et al., 2016). The following review 
talks about some agrochemicals, also plant resistance inducers which were used in this thesis. 
Salicylic acid (SA) is a hormone synthesized in plants and belongs to a wide range of phenolic 
compounds. The best known role for SA is as a signal molecule to trigger plant immunity. 
Studies in different plant species have found that pathogen infection resulted in the 
accumulation of SA which developed SAR in plants (Palmer et al., 2017). For instance, our 
previous studies showed that SA treatments significantly alleviated internal browning and 
maintained quality of pineapple fruit, especially during cold storage. In another study, Wang 
and Liu (2012) reported that the exogenous application of SA on citrus induced a series of 
physiological and molecular reactions, and increased expression of two pathogenesis-related 
genes, which significantly enhanced citrus plant resistance to bacterial disease of Xanthomonas 
axonopodis pv. citri (Xac). Groves et al. (2015) demonstrated that the application of SA could 
induced protection against P. cinnamomi and increase SA accumulation in the plants of lupin. 
Recently, Shakirova et al. (2016) found that SA treatment could induce protection against 
cadmium toxicity in wheat seedlings and maintain growth characteristics of the plants at normal. 
Methyl jasmonate (MeJA), a derivative of jasmonic acid (JA), is formed from an enzymatic 
methylation pathway and it actively functions in processes associated with oxidative stress, 
mediating the activity of antioxidant enzymes (Besson et al., 2018). As a vital cell regulator, 
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MeJA is also widely recognized to be involved in regulating plant defense systems against 
different pathogens and the exogenous application of  MeJA can improve disease resistance in 
many plant species (Avanci, 2010, Chen et al., 2011d, Sun et al., 2013, Li et al., 2014, Wang 
et al., 2015a, Glowacz et al., 2017). Phosphite (Phi), a salt of phosphorous acid, is a 
systemically mobile chemical which is effective in controlling diseases caused by Oomycetes 
(Wong et al., 2009, Groves et al., 2015). According to the applied concentration, Phi can 
interact directly with the pathogen in roots, or function as a SAR elicit (Gunning et al., 2013)or 
to induce host defense (Gozzo and Faoro, 2013). In the past several decades, Phi has been 
widely used to protect agricultural crops from the attack of Phytophthora species (Daniel et al., 
2005, Gunning et al., 2013, Liu et al., 2016a, Dal Maso et al., 2017, McLeod et al., 2018). DL-
β-amino-butyric acid (BABA), a non-protein amino acid, has been recognized as a potent 
inducer of SAR against various plant disease-causing organisms such as fungi, virus, 
oomycetes, bacteria, and nematodes (Cohen et al., 2011). The applications of BABA to 
increase the ability of disease resistance have been reported in a series plant species (Ton et al., 
2005, Cohen et al., 2011, Koen et al., 2014, Luna et al., 2014). 
However, the overuse of chemical fungicides results in series of problems such as pollution of 
soil and water, and pesticide residues in food products, which not only causes harm on human 
beings but also destroys the diversity of flora and fauna in the ecosystem. At the same time, 
this has also led to the development of resistant strains of plant pathogens (O’Brien, 2017). 
Hence, more effective and longer-lasting disease control measures are urgently needed to 
achieve a sustainable crop production. 
1.6.6 MSN-based delivery system for crop protection 
The application of MSNs as delivery systems to control disease in crops is still at an initial 
stage and most of the reports demonstrate use in vitro. For example, the controlled release of 
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the herbicides picloram and 2,4-D was obtained by using carboxylic acid modified MSNs 
(Prado et al., 2011). Also, Chen et al. (2011b) loaded a biological pesticide ‘pyoluteorin’ into 
unmodified MSNs and obtained the continuous release of this pesticide. In another study, the 
prolonged and controlled release of metalaxyl fungicide in soil and water was observed by 
using MSNs as nanocarriers (Wanyika, 2013). Qi et al. (2013) found that the vancomycin- 
modified MSNs could improve the efficacy of killing gram-positive bacteria over macrophage-
like cells. Mas et al. (2014) produced pH-sensitive gated MSNs and loaded them with 
tebuconazole. A controlled release of the entrapped antifungal agent in living yeast cells was 
detected and a significant increase in the tebuconazole cytotoxicity was achieved. In another 
study, Bernardos et al. (2015) found that when loaded into MSNs, the in vitro antifungal 
activity of several essential oil components was greatly improved due to the sustained release 
of these entrapped antimicrobial agents. Cao et al. (2016) coated MSNs with quaternized 
chitosan and loaded pyraclostrobin inside MSNs. The authors found that MSN-based delivery 
system doubled pyraclostrobin fungicidal activity against Phomopsis asparagi (Sacc.), greatly 
reducing the dose of pesticide and improving the utilization efficiency. Recently, in one study, 
2,4-D sodium salt was loaded into trimethylammonium (TA) modified MSNs and the soil 
column experiments indicated that MSN-based system evidently reduced the soil leaching of 
2,4-D sodium salt. In addition,  an MSN-based system demonstrated good bioactivity on the 
tested plants of cucumber (Cucumis sativus L.) and wheat (Triticum aestivum L.) (Cao et al., 
2017). In addition, SA or ABA were loaded into MSNs with decanethiol as gatekeepers and 
they were successfully transported into A. thaliana and their controlled release was achieved 
through GSH redox stimuli. These key phytohormones were successfully transported into A. 
thaliana and the controlled release of SA or ABA inside plants was achieved through GSH 
redox stimuli (Yi et al., 2015, Sun et al., 2018). All these examples show the utility of using 
MSN-based delivery systems and their potential for further development. 
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1.7 Summary 
This literature review clearly and systematically summarizes the problem of excessive usage 
of conventional agrochemicals in agriculture; the evaluation of influences of the major ENPs 
on plant growth and development; the synthesis, modification and characterization of MSNs; 
the loading and release of cargoes; the gatekeeper concept and the mechanism of MSN-based 
stimulus responsive delivery system; the application of MSNs as delivery vectors to introduce 
gene and agrochemicals to protect plants from abiotic and biotic stresses. This chapter presents 
the main research question of how to synthesize and modify MSNs suitable for delivering 
agrochemical into plants and release them in a controlled fashion, thus prolonging the durable 
period and improving the efficiency of conventional agrochemicals. Therefore, this research is 
structured to focus on four key areas as follows: 
The 1st experimental chapter (Chapter 2) is synthesis, functionalization and characterization 
of mesoporous silica nanoparticles (MSNs). Two different types of MSNs with particle sizes 
of around 20 and 50 nm, pore sizes of about 3.0 and 14.7 nm were synthesized through 
optimizing reaction parameters. Different chemical groups and molecules including amino 
groups, FITC and RITC were used to modify MSNs for various aims. A series of techniques 
were applied to determine the morphology and characterizations of all the MSNs. 
The 2nd experimental chapter (Chapter 3) is MSN-mediated gene transfer to A. thaliana 
protoplasts. Amine functionalized MSNs were applied to deliver pDNA into the protoplasts 
of A. thaliana. The cytotoxic effects on plant cells, binding and loading capacity of pDNA, and 
GFP transformation efficiency of different MSNs were also assessed.  
The 3rd experimental chapter (Chapter 4) is effects of MSNs on the growth and yield of A. 
thaliana. The influences of positively charged amine-functionalized MSNs with particle sizes 
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of around 50 nm on the seed germination, seedling growth and seed yield were investigated to 
assess the biosafety of MSNs. 
The 4th experimental chapter (Chapter 5) is MSNs as smart delivery systems to control 
Phytophthora diseases in plants. Resistance inducers were used to examine protection lupin 
from P. cinnamomi infection and chosen for MSN loading. The loading efficiency and release 
profile were investigated. Finally, the control released SA from MSNs was evaluated in the 
pineapple resistance response to P. cinnamomi inoculation. 
1.8 Thesis objects 
The research presented in this thesis aims to establish a smart delivery system through using 
MSNs as carriers to encapsulate and introduce agrochemicals into plants and release the 
entrapped cargoes inside plants in a controlled fashion. MSNs have become choice because of 
their unique properties of large surface areas and easily modified, tuneable pore size, good 
physical and chemical stabilities, high loading capacity and high biocompatibility. In this thesis, 
MSNs are synthesized and modified as delivery systems for two primary purposes. One aim is 
to introduce nucleic acids to plants, another is to deliver agrochemicals to control plant diseases.  
Research in these areas is still in an initial stage and has not been fully explored in the previous 
studies. In addition, the influences of MSNs on plant growth and development are assessed to 
evaluate the biosafe of these nanocarriers before they are widely applied in the plant system. 
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Chapter 2. Synthesis, Functionalization and 
Characterization of Mesoporous Silica Nanoparticles  
2.1 Abstract 
Monodispersed mesoporous silica nanoparticles (MSNs) with small diameter sizes of around 
20 and 50 nm, pore sizes of about 3.0 and 14.7 nm were synthesized through using tetraethyl 
orthosilicate (TEOS) as the silica source and cetyltrimethylammonium bromide (CTAB) as the 
template. To apply these particles to different aims, they were modified. The surface of the as-
synthesized MSNs was functionalized with amino groups for conjugation of nucleic acids or 
for examination of their effect on plant growth and development. Fluorescein isothiocyanate 
(FITC) and rhodamine b isothiocyanate (RITC) were attached to functionalized MSNs to allow 
for detecting intracellular uptake, translocation and distribution of MSNs inside plants. 
Morphological parameters of the MSNs were determined by using transmission electron 
microscopy (TEM). The properties of MSNs such as pore size and volume, surface area, zeta 
potential and the functional groups grafted on silica were determined and detected by using a 
series techniques of nitrogen adsorption and desorption isotherms analysis, thermogravimetric 
analysis (TGA), and fourier transform infrared (FTIR) spectroscopy. 
2.2 Introduction 
For the past several decades, the rapid development of nanotechnology has significantly 
increased the possibilities for its application to various novel biological tools. ENPs have 
become important elements that have found use in a number of fields of research including 
applications in biosensor technology, medicine and in analytical methodologies, as delivery 
vectors and DNA labels and in agriculture (Kumar et al., 2013). Nano-based pesticides, 
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fertilizers and other agricultural formulations have shown positive influences on agricultural 
products and paved a new way to sustainable agriculture (Rai and Ingle, 2012). Among these 
NPs, MSNs have drawn much research interest due to their unique properties such as large 
surface areas and pore volumes, high loading capacity, good thermal and chemical stabilities, 
and outstanding biocompatibility. Particularly, the easily functionalized surface of MSN 
provides opportunities to produce new nanocarriers through combining different functional 
chemical groups (Chen et al., 2017a). 
Controlling NP physicochemical properties is one of the most important tasks in designing 
nanomaterials for various purposes. The properties of NPs are determined by many factors 
including NP morphology, particle size, dispersity and surface covering (Goto et al., 2017). 
Previous studies have shown that, during the whole period of synthesis, the morphology and 
properties of synthesized NPs are influenced by many factors including reaction time and 
temperature, surfactant concentration and structure, pH value of reaction solution and silica 
precursors (Wu et al., 2013). For example, through controlling the reaction parameters, Chiang 
et al. (2011) produced MSNs with particle sizes ranging from 17 to 247 nm. Such investigations 
have shown that the reaction pH value was a prime determinant of the size and morphology of 
synthesized particles rather than the reaction time and the amount of the source silica (TEOS) 
used. In similar work,  Tu et al. (2016) synthesized MSNs at a particle size around 150 nm by 
employing a double-surfactant system that consisted of  fluorocarbons and a copolymer 
(Pluronic P123) in which the swelling agent, 1,3,5- trimethylbenzene (TMB) was added to 
expand the diameter of the pores. In addition, MSNs at different sizes of 40, 60 and 100 nm 
were obtained through controlling the synthesis temperature at 40, 50 and 80 ℃ following the 
micelle-templated method (Setyawati and Leong, 2017).  
For the use of MSNs in biological systems many experimental reports and theoretical models 
have proposed that cellular uptake is via endocytosis. Uptake is size-dependent, and of optimal 
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efficiency when particles have diameters ranging between 30 to 60 nm because particles at 
these sizes could be effectively adhered to substrates, well dispersed in solutions and easily 
transported in large amounts (Canton and Battaglia, 2012, Albanese et al., 2012, Liu et al., 
2015b). In plants, however, the average pore diameter of the cell wall ranges from 5 to 20 nm, 
which impedes the easy entry of any external agent (Fleischer et al., 1999). Therefore, only 
NPs that are relatively  small in size can easily penetrate the cell wall and reach the plasma 
membrane (Nair et al., 2011).  
It has been reported that MSNs with a particle size less than 50 nm are likely to have a less 
ordered structure and a high tendency to aggregate (Fu et al., 2016). Currently, the method of 
high dilution is often used to acquire a stable colloid solution of MSNs. However, application 
of MSNs in large scale is greatly limited since the collection of MSNs from a highly-diluted 
solution always requires considerable time and significant energy input (Chakraborty and 
Mascharak, 2016). For example, MSNs at 15 nm were produced by Kobler and Bein (2008), 
but they aggregated and there was interconnection inside particles found in most of synthesized 
MSNs. Through optimizing reaction parameters including TEOS amount, reaction times and 
PH value, Chiang et al. (2011) acquired MSNs of 16.9 nm in diameter, but the properties of 
pore size and particle surface area could not be measured. Even smaller MSNs with the 
diameter around 6.6 nm were obtained by Ma et al. (2012),  however, 90 % of these MSNs did 
not have any single pores through the analysis of TEM images, which greatly limited the 
synthesized MSNs to be used as biomolecular carriers. To avoid irreversible aggregation 
occurring during the surfactant removal process and centrifugation, Liu et al. (2015b) 
introduced poly (ethylene glycol) (PEG-silane) on the surface of the synthesized bare MSN 
with an average diameter of 45 nm. Therefore, the most challenging task of acquiring small 
MSNs is to maintain the complete mesoporous structure.  
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Surface modification is an important aspect of tailoring MSNs for various specific purposes. 
In particular, the silanol group (Si-OH) rich silica surface of MSNs can be easily modified with  
various “nano-valves” for on demand controlled release or the attachment of functional groups 
for specific targeting (Croissant et al., 2016). Thus functionalized MSNs offer possibilities for 
bioapplications in different areas such as drug/ protein/ gene/ agrochemical delivery, imaging, 
biosensing and targeting (Zhu et al., 2017). Currently, a series of techniques including imprint 
coating, postsynthetic grafting methods and one-pot synthesis are employed for chemical 
surface functionalization of MSNs (Ma et al., 2014). Chemically synthesized cross-linkers such 
as amines and thiols are widely used to conjugate onto MSN surfaces for the functionalization 
of MSNs with oligonucleotides, peptides and other active molecules (Chen et al., 2017a).  In a 
target cell environment, these cross-linkers selectively bind with specific surface receptors, 
improving the accuracy of both cargo delivery and minimizing off-target interactions (Lehner 
et al., 2013). In particular, the identification of NPs inside plants is vitally important for the 
overall evaluation of the nanocarrier delivery system, and provides detailed information on the 
translocation and accumulation of NPs. Since bare NPs are difficult to detect using optical 
microscopy, fluorescent labeling techniques are widely used to track the translocation of NPs 
especially inside plants. Currently, FITC and RITC are the commonly used fluorescent dyes to 
track the movements of NPs within various environments (Karimi et al., 2016).  
Recent studies in plant science have focused on the delivery of MSNs loaded with different 
cargoes such as proteins, DNA and agrochemicals, which indicates the potential of using MSNs 
as nanocarriers in plants. For example, gold-capped MSNs were employed to deliver DNA and 
chemicals by a gene gun method to isolated and cultured plant cells (Torney et al., 2007). 
Chang et al. (2013) reported the delivery of foreign DNA into intact A. thaliana roots using 
MSNs as carriers without the aid of extra mechanical force. Similarly, Martin-Ortigosa et al. 
(2014) imported the Cre recombinase protein into maize cells using MSNs as a delivery vector. 
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Recently, Cao et al. (2016) employed chitosan-capped MSNs as nanocarriers for the controlled 
release of pesticides. In addition, Zhao et al. (2017) loaded MSNs with pyrimethanil and 
applied them to leaves of cucumber and they found the pesticide was transported  to other parts. 
Therefore, the task of this study is to synthesize monodispersed MSNs with small tuneable 
particle size (around 20 and 50 nm) and uniform mesopores (approx. 3.0 and 15.0 nm) for the 
application as delivery vectors in plants. The TEOS as the silica source and CTAB as a template 
are employed to produce desired MSNs under basic conditions. Several experimental 
parameters including CTAB and TEOS concentration, the reaction time and temperature, pH 
value and ionic strength are tested and optimized. The as-synthesized MSNs are modified and 
functionalized, and labeled with FITC and RITC for the identification of these particles inside 
plants. The properties of various MSNs are characterized and determined through using a series 
of techniques and these MSNs will be used as nanocarriers in the next step of this study.     
2.3 Materials and methods 
2.3.1 Synthesis of MSNs  
MSNs with different diameters were synthesized according to the methods of Hussain et al. 
(2013), Sun et al. (2014) and Yi et al. (2015) with a few modifications. Briefly, to produce 
MSNs with small particle sizes, 2.968 g of cetyltrimethylammonium bromide (CTAB) was 
completely dissolved in 100 mL of Milli-Q water (pH 10.0, adjusted with diluted ammonium 
hydroxide). The mixture was vigorously stirred and heated at 80 ºC for 30 min to stabilize the 
surfactant micelles. After the aqueous solution of CTAB was cooled down to 30 ºC, 1.86 mL 
of tetraethyl orthosilicate (TEOS) was added dropwise. The mixture was then further stirred 
for another 24 h, resulting in the formation of a white colloidal suspension. The as-synthesized 
particles were aged at 80 ºC for 24 h. The white precipitate was filtered out through a 
Whatman™ membrane (Cellulose Nitrate Membrane, 0.1 µm pore size) and washed 
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thoroughly three times with ethanol to remove the free CTAB and TEOS. To further remove 
the surfactant template inside the pores and obtain purified particles, the as-synthesized MSNs 
were resuspended in a solution containing 100 mL of ethanol and 1 mL of hydrochloric acid 
(32%), under vigorous stirring and heated at 60 ºC for 12 h. Subsequently, the resultant white 
particles were centrifuged (10 min at 8000 g) and washed with ethanol three times. The final 
products were obtained by drying under vacuum for 24 h and designated as MSN-20.  
2.3.2 Synthesis of MSNs with large pores 
To produce MSNs with large pores, a swelling agent, 1, 3, 5-trimethylbenzene (TMB) was 
introduced for expanding pore size (Yamada et al., 2015, Santos et al., 2016). The basic process 
was the same with the synthesis of MSN-20. In brief, 8.91 mL of TMB was added the solution 
containing 2.968 g CTAB and 100 mL Milli-Q water (pH 10.0) after stirring 15 min at 80 ºC, 
followed by stirring for another 15 min. The following steps were same as described above for 
the synthesis of MSN-20. The sample was designated as MSN-50. 
2.3.3 Functionalization of MSNs for various purposes 
2.3.3.1 Synthesis of amine-functionalized MSNs 
To endow a positively charged surface for loading nucleic acids through electrostatic 
interaction and uptake by plants, the surface of MSNs were functionalized with amino groups 
through a post-grafting method of Yi (2015) with minor modification. Specifically, the 
prepared MSN-20 and MSN-50 (100 mg each) were separately suspended in 100 mL of ethanol 
and the mixtures were sonicated, thereby leading to homogenous nanoparticle formation. Five 
milliliter of (3-aminopropyl) triethoxysilane (APTES) was subsequently added into the mixture 
dropwise under vigorous stirring. After 1 h, 5.0 mL of Milli-Q water was added into the 
suspension. The resulting mixture was then stirred for further 24 h under room temperature. 
Finally, the amine-grafted MSN-20 and MSN-50 were obtained by centrifugation, washed with 
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ethanol 3 times, and dried under vacuum for 24 h. The corresponding samples were designated 
as Am-MSN-20 and Am-MSN-50, respectively. 
2.3.3.2 Synthesis of fluorescein-labeled MSNs 
For MSNs uptake in plant cells, fluorescein isothiocyanate (FITC) labeled MSNs with different 
pore sizes were prepared by the following procedures. To functionalize MSNs with FITC, a 
cross-linker, APTES was introduced. Firstly, about 40 mg of bare MSNs synthesized in Section 
2.3.2 were dissolved in 30 mL of absolute ethanol. The mixture was sonicated for 30 min and 
kept vigorous stirring, then 20 μL of APTES was first introduced dropwise to the mixture. Next, 
4mg of FITC was dissolved in 10 mL of absolute ethanol, followed by the dropwise addition 
of the APTES/MSNs. Two hours later, 0.4 mL of deionized water was introduced to the 
reaction solution. The reaction mixture was kept stirring in dark for 24 h at room temperature. 
Afterwards, the synthesized NPs (designated as FITC-MSN-20, FITC-MSN-50) were 
separately centrifuged, followed by washing with ethanol for 3 times in order to remove the 
free APTES and FITC. The resulting yellow solid material was dried under vacuum for 24 h to 
remove solvent from the mesopores. The final yellow powder was stored in the dark at room 
temperature for further use.  
Similarly, rhodamine b isothiocyanate (RITC) labeled MSNs with small particle size and pore 
size were also prepared. Methodology of preparation is the same as the above FITC labeled 
MSNs but FITC was replaced by RITC. The pink NPs was designated as RITC-MSN-20. 
2.3.4 Characterization of MSNs  
Structure and morphology of MSNs were characterized with following various methods.  
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2.3.4.1 Transmission electron microscopy  
Transmission electron microscopy (TEM) was used to determine particle size and morphology. 
The TEM images was carried out using a JEM-2100 electron microscope (JEOL, Japan) with 
an accelerating voltage of 200 kV. MSNs samples were prepared by dispersing a 0.1 mg/mL 
in ethanol by sonication, dropping the resulting suspension on a copper grid of 300 mesh and 
allowing it to dry in air. The copper grid was placed in the sample holder to visualize the 
morphology under TEM. The experiments were repeated three times and 3 images of each 
sample were obtained. At least 100 NPs in each images were measured to obtain the average 
size. 
2.3.4.2 Nitrogen adsorption and desorption isotherms analysis 
Nitrogen adsorption-desorption isotherms analysis was used to investigate the surface area, 
pore size and pore volume of the particles. The measurements were performed at 77 K with a 
Micromeritics Tristar 3000 Analyzer (Particle AND Surface Science, UK) at -196 ºC under a 
static adsorption condition. Samples were prepared by degassing at 40 ºC under vacuum for 24 
h prior to analysis. The surface area and pore volume were evaluated using Brunauer-Emmet-
Teller/Barrett-Joyner-Halenda (BET/BJH) method, whereas the pore size distribution was 
obtained according to the BJH method. 
2.3.4.3 Zeta potential 
Zeta potential of MSNs were measured at room temperature by using a Zetasizer (Nano ZS 
Malven, UK). Briefly, the samples were diluted in deionized water at a concentration of 1 
mg/mL. Each sample was ultrasonicated for 30 min to prevent any aggregation prior to 
measurement. 
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2.3.4.4 Fourier transform infrared spectroscopy 
Fourier transform infrared (FTIR) spectroscopy was used to identify the functional groups 
grafted on NPs. The FTIR measurements were conducted on a Vertex 70 spectrometer (Bruker, 
Germany) in IR mode. In briefly, the MSN samples were mixed with 0.2 g of potassium 
bromide (KBr) and grounded into fine powder. The amount of MSN samples used in FTIR was 
about 1 mg. The discs were made for analysis by compressing the powder in a DIE for 5 min. 
The discs were then kept in the oven at 60 °C for 24 h in order to remove physically bonded 
water before measurement. The spectra were taken with 32 scans at a resolution of 4 cm-1. 
2.3.4.5 Thermogravimetric analysis  
Thermogravimetric analysis (TGA) was used to determine the weight loss of functionalized 
MSNs at high temperature. The melting point of MSNs as silica based materials is over 1000 °C, 
while the decomposition temperature of functional groups on the surface of MSNs is normally 
less than 400 °C (Yi et al., 2015). Thus, when heating functionalized MSNs over 400 °C, the 
groups should be burnt away and the weight loss can be used to quantify them. TGA was 
performed by using a Q50 Thermogravimetric Analyzer (TA Instruments, USA) between 50 °C 
and 700 °C in air (flow 60 mL/min) at a heating rate of 20 °C /min. Before measurement, all 
samples were dried under vacuum at 40 °C overnight to remove the physically absorbed water. 
2.4 Results and discussion   
2.4.1 Morphology of bare MSNs and amine-functionalized MSNs with different pore sizes 
MSNs were synthesized by adding template and the condensation of the TEOS (Hussain et al., 
2013, Sun et al., 2014, Yi, 2015) followed by amine-functionalization. For the MSNs with large 
pore size, they were obtained with the addition of the pore swelling agent TMB. The particle 
sizes and morphologies of the MSNs were characterized by TEM as shown in Figure 2.1. The 
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MSN-20 (Figure 2.1A) and Am-MSN-20 (Figure 2.1B) exhibited uniformly, highly 
monodispersed spheroids and had an average particle size of 20 nm (Table 2.1). These particles 
with small controllable diameters and small pore size are not only ideal for uptake in plant cells 
but also have adequate space to load agrochemicals (Nair et al., 2010). The MSN-50 (Figure 
2.1C) and Am-MSN-50 (Figure 2.1D) showed a rough surface, uniformly and monodispersed 
flower-like structure with about 50 nm particle size and large pore size (Table 2.1). Compared 
with smaller MSNs, the larger ones pose higher loading capacity but their uptake efficacy by 
plant cells might reduce due to the increased sizes. Therefore, it is important to take all those 
index into consideration when applying MSNs in plant system. The 4 types of particles were 
all similar to those of Yi using the same methodology (2015).   
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(A) MSN-20 
 
 
 
 
 
 
 
 
 
(B) Am-MSN-20 
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(C) MSN-50
 
(D) Am-MSN-50 
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Figure 2.1 TEM images of the different MSNs and amine-functionalized MSNs. (A) MSN-20, 
the inset figure showed the particles had the porous structures under high magnification (white 
and scattering dots pointed by the white arrows), (B) Am-MSN-20, (C) MSN-50 and (D) Am-
MSN-50. 
 
Table 2.1 Shapes and sizes of the different MSNs and amine-functionalized MSNs  
              Samples                    Shape                        TEM size (nm)                
              MSN-20                 Spheroid                          20 ± 3.9                                    
             Am-MSN-20           Spheroid                          20 ± 3.7                                  
             MSN-50                  Flower-like                      50 ± 6.4                                   
             Am-MSN-50           Flower-like                      50 ± 6.9                               
Note: Data represent the mean ± SD of triplicate experiments. TEM measurements were the average of 
triplicate experiments (n≥100). 
 
2.4.2 Mesoporous structure  
The mesoporous structure of different MSNs before and after grafting amino groups was 
measured through the N2 adsorption-desorption isotherms (Figure 2.2A). All the samples 
possessed type IV adsorption isotherm curves (IUPAC classification), as expected for 
mesoporous structure with highly uniform pores. Each sample also exhibited type H3 hysteresis 
loop at high relative pressures (0.79˂P/Po˂1), a signature of the inter-connected mesoporous 
structure (Hu et al., 2011). Each type of MSNs displayed different pore size distribution by the 
BJH method.  Due to the unique mesoporous structure, MSNs become apparent as a promising 
carrier for loading biomolecules and releasing them into plants.  
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Total absorbed nitrogen gas at relative pressure of 0.99 of MSNs was also checked as shown 
in Figure 2.2B. After functionalization, the total amount of absorbed nitrogen at relative 
pressure of 0.99 dramatically decreased due to pore occupation by the amino groups. The total 
absorbed nitrogen gas of MSNs means the final stage of gas absorption where all the mesopores 
and surface are covered by gas molecules. Multilayer absorption more likely happened, and the 
layer number may depend on the composition of the surface. As the amount of amino groups 
after modification is much less than the amount of MSNs, the most of the surface is still silica, 
so the composition may not significantly affect the absorption of gas molecules. In this case, 
the total amount of absorbed nitrogen at relative pressure of 0.99 can indirectly indicate the 
occupation of pores filled by amine terminated silane. 
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Figure 2.2 N2 adsorption-desorption isotherms analysis of the different MSNs and 
functionalized MSNs. (A) N2 adsorption-desorption isotherms and (B) total absorbed nitrogen 
gas at relative pressure of 0.99.  
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The pore size distribution of different MSNs according to BJH methods was shown in Figure 
2.3. The major pore size distribution was at around 3.0 nm for MSN-20. Due to particles 
compressing under dry condition, some inter-particle (textural) porosity of MSN-20 was also 
observed at 28 nm in the particles (the inset figure), as evidenced by the adsorption step at high 
relative pressures (P/Po>0.88). However, after modification, the pore size distribution of Am-
MSN-20 cannot be detected due to amino groups grafted and coverage on the surface of 
original MSNs. The average pore size of MSNs with large diameter (MSN-50) is around 14.7 
nm. After functionalization, average pore size decreased significantly, which was 10.9 nm. 
Moreover, the amine-functionalized of MSNs all induced a decrease in the pore size compared 
to their original MSNs, suggesting that amino groups were grafted on both the external and 
internal (pore) surfaces. For the MSN-20 with small pore size, the pore area was occupied by 
the amino groups, resulting in no pore size being measured. 
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Figure 2.3 Pore size distribution of the different MSNs and amine-functionalized MSNs. 
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In addition, the BET surface areas, pore volumes and pore diameter were shown in Table 2.2. 
MSN-20 had the highest surface area (616.2 m2/g) while MSN-50 possessed the largest pore 
volume (1.628 cm3/g). The highest surface area is contributed by the smaller particle size (20 
nm) while the largest pore volume is due to expanded pore size (14.7 nm). As compared to 
those of corresponding original MSNs, surface areas and total pore volumes of functionalized 
MSNs all had a significant reduction. These results also demonstrated that amine functional 
groups was grafted on the surface of MSNs (Hu et al., 2011, Yang et al., 2012). Moreover, the 
absence of pores could be seen from the decrease of pore volume from 0.369 cm3/g for MSN-
20 to 0.057 cm3/g for Am-MSN-20, which corresponded to the Am-MSN-20 without pore size 
detected. This was because the grafted amino groups occupied the pore area inside MSNs, 
which also coincided with the results of decrease in total amount of absorbed nitrogen at 
relative pressure of 0.99. 
Table 2.2 Surface area, pore volume and pore diameter of the different MSNs and 
functionalized MSNs  
    Samples                    Surface area (m2/g)         Pore volume (cm3/g)       Pore diameter (nm)    
   MSN-20                         616.2 ± 0.9                        0.369 ± 0.008                     3.0 ± 0.2                                                    
   Am-MSN-20                  200.2 ± 3.8                        0.057 ± 0.005                            - 
   MSN-50                         517.6 ± 6.3                        1.628 ± 0.014                   14.7 ± 0.5                    
   Am-MSN-50                  477.9 ± 11.3                      1.270 ± 0.017                   10.9 ± 0.3                                           
Note: Data represent the mean ± SD of triplicate experiments. 
 
2.4.3 Structure changes after amine-functionalization 
For the binding of DNA to MSNs, MSNs were functionalized with amino groups to obtain a 
positively charged surface, which facilitated the combining of negatively charged plasmid 
DNA to MSNs through electrostatic interaction. After modification, the surface functional 
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groups were characterized by FTIR. As seen from FTIR spectra (Figure 2.4), the presence of 
Si-O-Si asymmetric stretching (υ = 1090 cm-1), Si-O stretching (υ = 965 cm-1), and Si-O-Si 
symmetric stretching (υ = 801 cm-1) indicated the silica framework (Pereira et al., 2011, 
Hussain et al., 2013). However, the Si-O stretching vibration at around 965 cm-1 in the MSN 
spectrum became significantly weaker after modification with amino groups. At the same time, 
comparison of the raw MSNs and modified MSNs, vibration peaks can be observed at 1559 
cm-1 assigned to the stretching bands of C-N groups. These results indicated the successful 
introduction of amino groups on the different raw MSNs. Additionally, a peak around 3401 
cm-1 (-OH stretching) and a peak around 1635 cm-1 (H-O-H bending vibration) were assigned 
to the physically absorbed water (Pereira et al., 2009, Pereira et al., 2010). A peak around 2926 
was assigned to C-H methyl or ethyl groups. 
 
 
   Figure 2.4 FTIR spectra of the different MSNs and amine-functionalized MSNs  
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2.4.4 Zeta potential 
Zeta potential values in sdH2O of MSNs is presented in Figure 2.5.  The zeta potential of 
unfunctionalized MSNs with different diameters all negatively charged, and MSN-20 had the 
lowest charge (-16.0 mV). However, those of the corresponding amine-functionalized MSNs 
were all positively charged, and Am-MSN-50 had the highest positive charged (9.1 mV). The 
changes in zeta potential further provided an evidence that the positively charged amino groups 
had been successfully grafted on the surface of MSNs.  
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            Figure 2.5 Zeta potential of the different sized MSNs and amine-functionalized MSNs  
 
2.4.5 TGA analysis of MSNs and amine-functionalized MSNs  
In order to investigate the amount of amino groups grafted onto the surface of MSNs, the TGA 
analysis was employed. As shown in Figure 2.6, the decomposition temperature of amino 
groups is at around 300 °C. The TGA analysis of Am-MSN-20 and Am-MSN-50 indicated the 
mass loss of 9.76 % and 10.86 %, respectively, which corresponded to the loading of 1.68 
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mM/g reaction amino groups for MSN-20 and 1.87 mM/g for MSN-50. Therefore, the TGA 
analysis also confirmed the grafting of amino groups on MSNs. In addition, since Am-MSN-
50 had been grafted with the most amino groups, it had the highest zeta potential. 
                        
Figure 2.6 TGA analysis of the different MSNs and amine-functionalized MSNs. The weight 
loss caused by physically absorbed water was removed and curves are shifted, starting from 
100 % weight loss. 
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2.4.6 Fluorescence features of dye functionalized MSNs  
As shown in Figure 2.7, the fluorescence features of the labelled MSNs with small particle size 
were checked. The powders of MSN-20, FITC-MSN-20 and RITC-MSN-20 exhibited white, 
yellow and red colour, respectively (Figure 2.7A). All the synthesized MSNs could be 
dispersed homogeneously in aqueous solutions. Under daylight, the colour of MSN-20 aqueous 
solution was white colour while those of FITC-MSN-20 and RITC-MSN-20 solutions showed 
yellow and red, respectively (Figure 2.7B). However, FITC-MSN-20 displayed bright and even 
fluorescence from the whole solution under ultraviolet light, but RITC-MSN-20 had no 
florescence under ultraviolet light (Figure 2.7C). In addition, the excitation wavelength was 
228 nm for FITC and 414 nm for FITC-MSN-20, while the excitation wavelength was 558 nm 
for RITC and 560 nm for RITC-MSN-20 (Table 2.3). Those all could be detected by using 
fluorescence spectrometer. However, the radiation of ultraviolet light was not suitable for the 
excitations of fluorescence from RITC and RITC-MSN-20 so that no fluorescence was 
visualized. 
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Figure 2.7 The powders of the different types of MSNs and their aqueous suspensions. (A) The 
powders of MSN-20, FITC-MSN-20 and RITC-MSN-20. (B) Dispersed aqueous suspensions 
of MSN-20, FITC-MSN-20 and RITC-MSN-20 under daylight. (C) Dispersed aqueous 
suspensions of MSN-20, FITC-MSN-20 and RITC-MSN-20 under ultraviolet light. The 
concentration of particles is 0.1 mg/mL.   
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Table 2.3 Excitation and emission wavelength of the used fluorescent dyes  
    Samples                    Excitation wavelength (nm)         Excitation wavelength (nm)        
   MSN-20                                       -                                                            -                                                    
   FITC                                          495                                                        517                                   
   FITC-MSN-20                           414                                                        523                                    
   RITC                                             558                                                        581                                 
   RITC-MSN-20                           560                                                        581                                   
 
2.4.7 Characterization of MSNs labelled with fluorescein 
Fluorescent dye molecules are widely used as fluorescent probes to track NPs inside cells 
(Hwang et al., 2010). In this study, the FITC and RITC were introduced into the two different 
sized MSNs. Due to the instant covalent bond formation through amino-terminated 
alkyltrialkoxysilane compounds such as APTES and isothiocyanate functional groups (-
N=C=S) (Figure 2.8), the surface of MSNs was firstly functionalized with APTES to introduce 
amino groups, and then the FITC and RITC molecules were introduced into MSNs with 
isothiocyanate groups to form a thiourea-linkage with amino groups (Figure 2.8). 
 
Figure 2.8 Schematic structure of FITC and RITC molecules. 
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Figure 2.9 showed the FTIR spectra of FITC, RITC, FITC-MSNs and RITC-MSNs. The 
spectra of FITC showed a strong isothiocyanate characteristic peak at 2035 cm-1 as well as a 
characteristic peak assigned to the carbonyl group of lactone, at around 1726 cm-1(Figure 2.9A). 
Furthermore, the absorption peaks at 1597 and 1535 were characteristics of benzene ring 
stretching vibration. The thiourea-linkage between fluorescent dyes and MSNs was determined 
through a characteristic absorption peak at C-N stretching vibration of around 1462 cm-1 which 
was attributed to the reaction between amino groups (-NH2) on APTES modified MSNs and 
the isothiocyanate groups (-N=C=S) from dyes (Wang et al., 2001). Compared with raw MSNs, 
the peak around 1462 cm-1 (C-N stretching) was observed in all fluorescein-labelled MSNs, 
which suggested the fluorescein was successfully grated onto the MSNs (Figure 2.9A). The 
spectra of MSNs and fluorescein-labeled MSNs all displayed the representative peaks of silica 
framework at 1090 cm-1 (Si-O-Si asymmetric stretching), 965 cm-1 (Si-O stretching), 801cm-1 
(Si-O-Si symmetric stretching) and 466 cm-1 (Si-O-Si bending vibrations) (Pereira et al., 2011). 
Due to the presence of the APTES and fluorescent molecules on the surface of MSNs, the 
intensity of these peaks related to silica framework was weaker than that of bare MSNs. 
For RITC (Figure 2.9B), Whereas, the peaks at 1591, 1412, 1345, 1274, 1247 and 1180 cm-1 
on spectrum (e) were attributed to the stretch vibration mode of C=C in benzene rings, bending 
vibration of CH2 in –N+(C2H5)2, vibration of C-N linked benzene ring, vibration of C-O of 
COOH, vibration of C-N in -N (C2H5)2 group and asymmetry stretch vibration of C-O-C, 
respectively (Liu et al., 2005). The grafting of RITC was conducted through the same chemical 
reaction mechanism between isothiocyanate groups and amino groups. The peak of at 1412 cm-
1 attributed to the C-N stretching was also observed after grafting RITC onto MSNs and was 
found shifted to some extent. 
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Figure 2.9 FTIR spectrum of bare MSNs with different particle sizes and fluorescently labelled 
MSNs. (A) FTIR spectrum of FITC (black curve), FITC-MSN-20 (blue curve), FITC-MSN-
50, MSN-20 (red curve) and MSN-50 (dark green curve). The peak at 1462 cm-1 attributing to 
C-N stretching vibration between FITC and FITC-MSNs, but not on the spectrum of bare 
MSNs. (B) FTIR spectrum of RITC (black curve), RITC-MSN-20 (blue curve) and MSN-20 
(red curve). The peak of at 1412 cm-1 attributed to the C-N stretching between RITC and MSNs 
with minor shift. 
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 After functionalization by fluorescein, the mesoporous structure of MSNs was also 
characterized by nitrogen adsorption and desorption isotherms. All the NPs showed typical 
type IV adsorption isotherm curves and type H3 hysteresis loop at high relative pressures 
(0.79˂P/Po˂1) (Figure 2.10 A and B), suggesting that these NPs have the mesoporous structure.  
As shown in Figure 2.10 C, compared to original MSNs, the total amount of absorbed nitrogen 
at relative pressure of 0.99 significantly decreased due to grafting the fluorescein. 
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Figure 2.10 Nitrogen adsorption and desorption isotherms analysis of MSNs.  (A) Nitrogen 
desorption isotherms of MSN-20 (black curve), FITC-MSN-20 (green curve) and RITC-MSN-
20 (red curve). (B) Nitrogen desorption isotherms of MSN-50 (black curve) and FITC-MSN-
50 (black curve). (C) Total absorbed nitrogen gas at relative pressure of 0.99. The drop of the 
total amount of absorbed nitrogen was due to the pore occupation by the fluorescent molecules. 
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After fluorescein modification, the surface area of MSN-20 dramatically decreased from 616.2 
m2/g to 135.3 m2/g (FITC-MSN-20) and 101.6 m2/g (RITC-MSN-20), respectively, while the 
surface area of MSN-50 decreased to 365.8 m2/g after FITC labelling (Table 2.4). Additionally, 
pore size distribution could not be detected in MSNs with small pore sizes after the introduction 
of fluorescent molecules, FITC or RITC. However, the pore diameter of MSNs with large pore 
size (FITC-MSN-50) was 9.2 nm, which was significantly decreased compared with original 
MSN-50. As seen from Table 2.4, the pore volume of MSN-20 decreased from 0.369 cm3/g to 
0.184 cm3/g and 0.162 cm3/g after FITC or RITC was grafted onto MSNs, respectively. For 
the MSNs with large pore size, the pore volume decreased from 1.628 cm3/g to 1.036 cm3/g 
after FITC was attached to MSNs. The results further indicated the FITC and RITC molecules 
occupied the pore area inside MSNs.  
 
Table 2.4 Surface area, pore volume and pore diameter of different MSNs and functionalized 
MSNs  
    Samples                    Surface area (m2/g)         Pore volume (cm3/g)       Pore diameter (nm)    
   MSN-20                           616.2 ± 0.9                      0.369 ± 0.008                   3.0 ± 0.2                                                  
   FITC-MSN-20               135.3 ± 15.1                    0.184 ± 0.001                          - 
   RITC-MSN-20               101.6 ± 22.6                   0.162 ± 0.002                           - 
   MSN-50                         517.6 ± 6.3                     1.628 ± 0.014                   14.7 ± 0.5                                                 
   FITC-MSN-50               365.8 ± 45.4                   1.036 ± 0.009                    9.2 ± 0.6        
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2.5 Conclusion 
In this chapter, two types of MSNs, one having around 20 nm in diameter with approximate 
pore size 3.0 nm and the other owing 50 nm in diameter with pore size approximate 14.7 nm, 
were successfully synthesized through optimizing various reaction conditions. Images showing 
morphological characterizations of these well-dispersed MSNs were acquired by using TEM. 
In addition, a series of parameters including particle and pore sizes, pore volume, surface area 
and zeta potential were measured to characterize these synthesized particles. Moreover, the two 
types of MSNs were further functionalized with different chemicals according to the 
subsequent uses. For amine-functionalized MSNs, they were employed as delivery carriers to 
introduce gene into protoplasts, or improve plant growth and development. These contents 
were described in the following Chapter 3 and Chapter 4. For FITC labeled MSNs, they were 
used to trace the uptake and accumulation of MSNs in A. thaliana protoplasts, which were 
described in Chapter 3. The MSNs with small particle size about 20 nm were ideal vehicles for 
agrochemical delivery in plant systems, so they were further modified for the loading and 
controlled release of agrochemicals in Chapter 5. 
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Chapter 3. MSN-mediated Gene Transfer to Arabidopsis 
thaliana Protoplasts 
3.1 Abstract 
Mesoporous silica nanoparticles (MSNs) with small particle sizes (20 nm and 50 nm) and 
tunable pore sizes (approximately 3.0 nm and 14.7 nm, respectively), were synthesized and 
functionalized with 3-aminopropyltriethoxysilane (APTES) (thereby named Am-MSN-20 and 
Am-MSN-50). These positively charged MSNs were employed as vectors to load negatively 
charged molecules of pDNA, and then to introduce the loaded pDNA into protoplasts of 
Arabidopsis thaliana. The Am-MSN-50 with large pore size (10.9 nm) had higher binding and 
loading capacity of pDNA than that of Am-MSN-20. The complex particles showed good 
stability, which suggested that both Am-MSNs could protect bound pDNA efficiently against 
degradation by cellular nucleases. The MSNs also exhibited no cytotoxic effects on protoplasts 
of A. thaliana. The Am-MSN-50 enabled much higher transformation efficiency of the pDNA 
encoding smGFP compared to that of Am-MSN-20. Correspondingly, Western blot analysis 
showed higher smGFP content in transformed plant cells treated with pDNA/Am-MSN-50 than 
that of protoplasts with pDNA/Am-MSN-20. The results suggest that Am-MSNs with tunable 
pore sizes can be employed as promising carriers for safe and effective gene delivery.  
3.2 Introduction 
Gene transfection is the process of introducing exogenous DNA, RNA, or oligonucleotides into 
the interior of eukaryotic cells (Liu et al., 2005). At present, biotechnology is the major field 
in which the applications of gene transfection are applied and this technique offers great 
opportunities for DNA reprogramming of both prokaryote and eukaryote cells (Martínez et al., 
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2015). However, the introduction of naked nucleic acid into cells is a challenging task because 
of enzymatic degradation by nucleases, that greatly shortens the serum half-life of small 
interfering RNA (siRNA) and DNA to less than 1 h (Takakura et al., 2001). In addition, the 
negatively charged property of nucleic acids inevitably prevents them from penetrating the 
cellular membrane, which is a natural biological barrier against foreign molecules (Ozyurt et 
al., 2018). 
Two major types of vehicles have been used for gene delivery: viral and non-viral (synthetic) 
vectors. The preparation of viral carriers was achieved through replacing the virus' own nucleic 
acids with the guest genes that were engineered into the viral shells (Selkirk, 2004). Generally, 
relatively high transfection efficiency was acquired by using these viral delivery systems (Yang 
et al., 2014a). However, these systems also present some serious disadvantages such as small 
loading capacity, cell toxicity, low specific targeting, lack of long-term transgene expression, 
resistance to repeated administration, and the difficulty in quality control (Chowdhury et al., 
2017, Rohrbach and Johnson, 2003). Therefore, at present, researchers are focusing on the 
synthesis of potentially safer and more biocompatible non-viral vectors to tackle these issues. 
Based on various chemical building blocks, different non-viral carriers have been invented and 
constructed and among them many NPs such as cationic polymers (Patnaik and Gupta, 2013, 
Son et al., 2012), liposomes (Ewert et al., 2010, Yang et al., 2011), dendrimers (Percec et al., 
2010), and biomaterials (e.g. chitosan, cyclodextran) (Saranya et al., 2011) have been applied 
as carriers. These nanoscale delivery systems have shown some crucial advantages over viral 
vectors: they can be easily prepared in large numbers, they have low toxicity and 
immunogenicity, and they exhibit excellent loading capacity and many are capable of 
introducing large pieces of DNA/siRNA (Yang et al., 2014a). Meanwhile, the application of 
inorganic NPs (e.g. carbon nanotubes, metallic NPs, quantum dots, calcium, and double 
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hydroxides) in gene delivery is a promising field since these NPs can be developed and surface-
functionalized in various ways (Guo and Huang, 2012).  
Among all the NP carrier systems, MSNs are viewed as both an innovative and multifunctional 
delivery platform, because MSNs possess several excellent properties, such as large surface 
area and pore volume, high thermal and mechanical stability, ease of surface functionalization, 
unique tuneable pore structure, and good biocompatibility (Shen et al., 2017). For example, the 
cargoes loaded inside the mesopores can be efficiently protected until they reach the point of 
release. In addition, surface functionalization with specific targeting moieties allows these 
nanodevices to gain selectivity towards specific cell types (Ultimo et al., 2016). Recently, many 
studies have focused on the modification and functionalization of MSNs to perform effective 
drug delivery and gene transfection for the treatment of various disease models, including 
cancer models, at cellular and in vivo levels (Xiao et al., 2016, Meka et al., 2016, Cha et al., 
2017, Wang et al., 2017, Chang et al., 2017).  
The widespread application of MSNs is, however, still at an initial stage. The incomplete and 
inconsistent research findings of MSNs regarding optimal size and morphology, bio-
distribution and bio-degradation behaviors, and often unknown toxicity hinders the wide use 
of MSNs as delivery vehicles. In addition, the complicated chemical species that may be used 
to modify the  MSN surface, for example, for better drug release may compromise the potential 
use of MSNs (Castillo et al., 2017). Moreover, the loading of DNA/siRNA into the mesopores 
of MSNs is not straightforward, and in many reports these cargoes are often adsorbed only to 
the outer surface of MSNs, which cannot effectively protect DNA/siRNA molecules from 
nucleases (Zhang et al., 2014a).  
In recent years, MSNs have also attracted much attention for their application as nanoscale 
carriers to transport various cargoes into plants. For example, aided by the force of gene gun, 
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gold-capped MSNs were employed to deliver DNA into isolated and cultured plant cells 
(Torney et al., 2007). In one study, foreign DNA was imported into A. thaliana roots by using 
MSNs as vectors (Chang et al., 2013). In another study, the Cre recombinase protein was loaded 
into MSNs and successfully introduced into maize cells (Martin-Ortigosa et al., 2014). In 
addition, Cao et al. (2016) employed chitosan-capped MSNs as nanocarriers for the delivery 
and controlled release of pesticides. Zhao et al. (2017) loaded MSNs with pyrimethanil and 
applied them to the leaves of cucumber. Recently, Sun et al. (2018) showed that for A. thaliana 
under drought conditions the controlled release of abscisic acid from applied gatekeeper-
capped MSNs was mediated via a redox-stimulus release mechanism following upregulation 
of glutathione.   
However, the absorption and internal transportation of MSNs is limited by the plant cell wall 
which is a natural barrier outside of the cell membrane. The protoplast, that is a plant cell 
without walls, offers a unique single cell system in biotechnology that has found use in studies 
of transient gene expression as an all-round tool for gene expression studies and in other 
research areas including analysis of the functionalization of specific proteins (Hong et al., 
2012). Transient gene expression can be achieved over a relatively short time span by using 
this method and is very useful for understanding various signaling pathways and molecular 
mechanisms (Chen et al., 2006). 
In this chapter, I assessed the cytotoxic effects of Am-MSN-20 and Am-MSN-50 on the 
protoplasts of A. thaliana, and loaded pDNA onto these two types of MSNs. I determined the 
loading capacity and analyzed transformation efficiency of the imported pDNA by using MSNs 
as a delivery system. The results showed that both MSNs were biosafe and had a high 
transformation rate, suggesting that MSNs could be utilized as a novel delivery system for 
protoplast gene transformation. 
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3.3 Materials and methods 
3.3.1 Plasmid preparation  
Plasmid DNA (pDNA) was prepared from transformed E. coli DH5α colonies containing the 
plasmid encoding a soluble-modified GFP (abbreviated as smGFP) gene (Davis and Vierstra, 
1998).  Firstly, E. coli containing the smGFP plasmid were recovered on Luria-Bertani (LB) 
media plates containing 1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) sodium 
chloride (NaCl), 1.5% (w/v) bacteriological agar and 50 μg/ mL of ampicillin from the stock 
for 24 h at 37°C. Next, using a sterile loop, a single colony was picked from the recovered plate 
and sub-cultured for 8 h at 37°C. Then, a fresh colony was picked using a sterile pipette tip and 
transferred to a 15 mL tube containing 5 mL LB liquid media containing 100 µg/mL of 
ampicillin. The bacteria were incubated on the shaker at 165 rpm and grown for 16 h at 37º C. 
Plasmid DNA was extracted using the ISOLATE II Plasmid Mini Kit (Bioline Inc., Taunton, 
MA, USA) according to the manufacturer’s protocol. Quality and quantity of the extracted 
plasmid were evaluated by using Nano-drop ND1000 (Thermo Scientific, USA) at 260 nm and 
280 nm. The purified pDNA was stored at -20°C until use. Meanwhile, a frozen stock of the E. 
coli culture containing the smGFP plasmid was prepared by adding 500 μL of the culture grown 
in LB liquid media and 500 μL of 30% (w/v) glycerol into a fresh tube (1.7 mL). The 
suspension was gently mixed by inverting 6-8 times. The tube was placed slowly into liquid 
nitrogen to snap freeze and store at - 80°C for further use. 
3.3.2 Gel electrophoresis of pDNA 
Gel electrophoresis was used for verification that the isolated plasmids were the correct plasmid 
by comparing the base-pair size to a molecular marker (HyperLadder1, Bioline, London, UK), 
and ensured that isolated plasmid samples were not contaminated. Agarose electrophoresis gels 
were prepared from 1.2 % (w/v) agarose dissolved in 0.5× TBE buffer and with an 8-well comb. 
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Five microliter of pDNA was mixed with 1 μL 5× DNA loading buffer (Bioline, London, UK) 
in a PCR tube. Electrophoresis was conducted at 80 V in TBE buffer for 60 min. The gel was 
then stained with ethidium bromide (5 μg/ mL) for 15 min and rinsed with dH2O. The resulting 
bands were visualized and digitally imaged using a UV Bioimaging System (Bio-Rad, CA, 
USA). 
3.3.3 Combination of MSNs with pDNA 
3.3.3.1 Attachment of pDNA to suitable MSNs  
To study the electrostatic binding of pDNA to MSNs and to choose the optimal ratio of 
pDNA/MSNs for protoplast transformation, the complex formation between the MSNs and 
plasmid DNA was prepared according to published methods with some modification (Gao et 
al., 2009, Tao et al., 2014, Yang et al., 2012). Briefly, 1 µg of pDNA encoding smGFP was 
mixed with different MSNs at various mass ratios in sterile deionized water (sdH2O), ranging 
from 1/50 to 1/300 for pDNA/MSNs and 1/5 to 1/50 for pDNA/Am-MSNs. Free pDNA 
solution and MSNs only were also prepared as the controls. After incubation for 2 h at room 
temperature, the mixed solution was electrophoresed by loading on to the 1.2 % agarose gel 
and running with TBE buffer at 80 V for 1h and bands resulting examined as describe in Section 
3.3.3.  
3.3.3.2 Plasmid DNA loading capacity assay 
Ten microgram of pDNA was prepared with 0.1 mg of Am-MSNs in sdH2O, followed by gentle 
shaking for 24 h at room temperature. Then the mixture was centrifuged at 16,260 g for 15 min 
in order to ensure that all NPs were removed. To evaluate the pDNA loading capability, the 
supernatant was collected and DNA quantity determined by using a Nano-drop ND1000. The 
amount of pDNA bound in the NPs was expressed as a loading capacity values. Loading 
capacity was calculated by subtracting the pDNA content in the supernatants from the original 
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concentration of pDNA added. The loading capacity was determined from the following 
equation:  
                                                Original pDNA amount (µg) –  pDNA amount in supernatant (µg) 
Loading capacity (µg/mg) = 
                                                                  Amount of Am-MSNs (mg) 
 
The loading experiments were repeated three times and the results given as the mean with 
standard deviation. 
Moreover, the zeta (ζ) potential of the NPs with or without pDNA was measured using the 
Zetasizer Nano (Malvern Panalytical Ltd, UK). Briefly, the complex pDNA/MSNs was 
dispersed in W5 solution (0.1% glucose, 0.08% KCl, 0.9% NaCl, 1.84% CaCl2 and 2 mM 
MES-KOH at pH 7.5), then was carried out in on triplicate.  
3.3.3.3 Protection pDNA against degradation 
Am-MSN ability to protect loaded pDNA was assessed by adding DNase I (Thermo Fisher) 
into a solution of naked pDNA or a solution of pDNA/Am-MSNs complex, respectively. One 
microgram of pDNA and 30µg of Am-MSNs were mixed to form the pDNA/Am-MSNs 
complex in 10 µL W5. In addition, 1 U of DNase I was added separately into 1µg of naked 
pDNA and the as-prepared pDNA/Am-MSNs complex. Then the samples were incubated for 
1 h at 37 °C. The samples were subsequently treated with 1 µL of ethylenediaminetetraacetic 
acid (EDTA, 1 mg/mL) to inactivate DNase I activity (He et al., 2003). All the above nuclease 
treated and untreated samples were analyzed using agarose gel electrophoresis as describe in 
Section 3.3.3.  
3.3.4 Protoplast isolation from leaves of A. thaliana 
Protoplasts were isolated from 14-day-old seedlings of A. thaliana ‘Col-0’ grown aseptically 
on Murashige and Skoog media according to the method of Yoo et al. (2007) and Zhai et al. 
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(2009) with minor modification. Specifically, seedling leaves of A. thaliana were cut into 1 
mm strips, followed by transfer into an enzyme solution (0.5 M Sucrose, 10 mM MES-KOH 
at pH 7.5, 20 mM CaCl2, 40 mM KCL, 2% cellulase and 0.4% macerozyme R-10), and then 
were kept in the dark overnight. After that, the released protoplasts were filtered (Miracloth, 
EMD Millipore Corporation, MA, USA) into a 50 mL Falcon tube. Subsequently, the flow-
through were overlaid carefully with W5 solution and centrifuged at 100 g for 2 min. The crude 
protoplasts were collected and washed twice with W5 solution. Finally, protoplasts were re-
suspended in W5 solution after determining their density with the aid of a hemocytometer.  
The viability of protoplasts was checked by using fluorescein diacetate (FDA) hydrolysis 
assays as previously described (Larkin, 1976). Briefly, a stock solution of FDA (5mg/mL) was 
prepared in acetone and stored at -20 ºC for future use. Protoplasts were stained with 0.01% 
FDA in the dark at room temperature. After incubating for 10 min, the protoplasts were 
visualized by using an epi-fluorescence microscope (Zeiss with an excitation wavelength of 
488 nm and an emission wavelength of 530 nm). Images of the protoplasts were taken using a 
camera (SPOT RT Slider, Diagnostic Instrument Inc.) mounted on the microscope and viability 
was indicated by spherical protoplasts with bright green fluorescence.  
3.3.5 Evaluation of Am-MSN cytotoxicity on protoplasts 
The cytotoxicity of Am-MSNs on the isolated mesophyll protoplasts of A. thaliana was 
evaluated. Experiments were conducted for both Am-MSN-50 and Am-MSN-20 at densities 
of 0, 1, 10, 100 mg/L.  Prior to incubation with protoplasts, the UV light sterilized MSNs were 
washed three times with W5 solution. Freshly prepared protoplasts were mixed with different 
densities of Am-MSNs in W5 solution (106 cells/mL). The mixture was incubated with 2 mL 
of W5 solution in BD Falcon six-well flat-bottom plates and shaken gently (35 rpm) at room 
temperature in dark. Each day 0.1 mL of fresh W5 solution was added to compensate liquid 
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loss due to evaporation. Protoplast viability was assessed by adding FDA as described above 
in Section 3.3.4. Before adding FDA, the protoplasts were washed once with W5 solution. The 
viable protoplasts were then counted. Each treatment was repeated in triplicate and each sample 
was checked three times at each time point.  
3.3.6 Uptake of MSN into protoplasts 
To examine the uptake of MSNs into the protoplasts 10 µg of FITC-MSN-20 and FITC-MSN-
50 were added separately to 1 mL of fresh protoplasts (106 cells) in W5 media. The FITC 
labelled MSNs were sterilized by passing through 0.22 μm syringe filter and washed three 
times with W5 solution prior to incubation. The mixture was then incubated at room 
temperature in the dark with shaking at 35 rpm. To remove unincorporated NPs which had not 
been internalized by the protoplasts, the mixture was incubated with 1 mL of 0.55M sucrose 
and centrifuged for 3 min at 100 g at room temperature. Only protoplasts at the interphase were 
collected and washed three times with W5. Then the protoplasts were resuspended in W5 
solution. Protoplast uptake was visually investigated by using a confocal laser scanning 
microscope (CLSM, Leica TCS 5 SP5, German) with excitation at 488 nm and emission at 
500-530 nm for FITC-MSNs, and with excitation at 633 nm and emission at 650-750 nm for 
chlorophyll auto-fluorescence. Ten microliters of the purified sample was mounted on the 
confocal plate and images collected. As a control, protoplasts were incubated with the same 
amount of free FITC. All the experiments were repeated three times. Additionally, the relative 
intracellular fluorescence intensity of images was determined by selecting the region of interest 
(ROI, the whole protoplast) using Image J (National Institutes of Health, USA), and data were 
normalized against the background. 
Chapter 3. MSN-mediated Gene Transfer to Arabidopsis thaliana Protoplasts 
82 
 
3.3.7 Gene transformation of A. thaliana protoplasts  
Two types of amine-functionalized MSNs (Am-MSN-20 and Am-MSN-50) were used for 
protoplast transformation studies. MSN-mediated transformation was performed according to 
the methods of Torney et al. (2007) with some modification. Specifically, one microgram of 
purified plasmid DNA was separately incubated with Am-MSN-20 (40 µg) or Am-MSN-50 
(20 µg) in sdH2O for 2 h at room temperature. MSNs were washed three times with W5 solution 
prior to incubation with protoplasts. Subsequently, the as-prepared pDNA/MSNs complexes 
solution was mixed with 100 µL of protoplasts (106 cells/mL) from A. thaliana. The mixture 
was transferred into 12-well plates in the dark at room temperature with gentle shaking. To 
prevent protoplasts sticking to the surface of the plates, the plates were treated with 5% calf 
serum for 1-2 s before culturing them. In addition, the traditional method of polyethylene glycol 
(PEG)-mediated protoplast transformation was employed as a positive control. For the positive 
control, 20 µg pDNA was incubated with 100 µL protoplasts (104 cells/mL), and then 110 µL 
PEG-calcium transfection solution (0.2 M mannitol, 0.1 mM CaCl2, and 40% PEG-4000) was 
added into the mixture to facilitate entry of pDNA into the protoplasts (Yoo et al., 2007). The 
mixture was incubated for 20 min in dark. After that, W5 solution was added to dilute the PEG 
solution and then protoplasts were collected by centrifugation at 100 g for 2 min and re-
suspension in W5 solution. The following steps were the same as described above for 
protoplasts treated by pDNA/Am-MSNs complex. As negative controls, twenty microgram 
pDNA, 40 µg Am-MSN-20 and 20 µg Am-MSN-50 was incubated with 100 µL protoplasts 
(106 cells/mL), respectively. Each treatment was repeated in triplicate and each sample was 
checked three times at each time point. 
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3.3.8 GFP transient expression assay  
GFP transient expression was observed and assessed in transformed protoplasts using CLSM. 
GFP expression was excited at 488 nm wavelengths with the emission filter 500-530 nm. The 
number of green fluorescent protoplasts were counted to evaluate the transformation efficiency. 
Protoplasts were collected by centrifugation at 100 g for 3 min, and then stored at -80°C until 
further use for protein analysis. Moreover, after collecting images, the fluorescence intensity 
of GFP expression was determined by using Image J as described in section 3.3.7.  
3.3.9 Total protein extraction and quantification  
To perform western blot analysis, total protein was extracted from transformed and non-
transformed mesophyll protoplasts of A. thaliana. Protein extraction buffer (50 mM Tris-HCl 
at pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.2% NP-40, 0.1% Triton X-100) was prepared and 
stored at 4°C. Prior to use of the extraction buffer, one tablet of complete protease inhibitor 
cocktail (Roche) was added into each 50 mL of buffer. Two hundred microliter of buffer was 
mixed with 1 mL of protoplasts (approximately 2 × 106 cells) and were incubated at 4º C for 
30 min with shaking. After that, the mixture was centrifuged at 18, 000 g for 15 min at 4º C, 
and the supernatant was transferred to a fresh tube and re-centrifuged. The protein 
concentration was determined by the method of Bradford (Bradford, 1976). 
3.3.10 Western blot analysis 
To check whether and to what extent the smGFP was produced in the protein-expressing 
protoplasts, Western blot analysis was employed according to Sambrook and Russell (2001) 
with some modification. Briefly, protein samples were mixed with tricine buffer, and denatured 
at 90 ºC for 10 min. Total protein was separated on a sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) using Tris/Tricine/SDS as the running buffer (1610744; Bio-
Rad, CA, USA). Next, the proteins were stained with Coomassie blue G250, or 
Chapter 3. MSN-mediated Gene Transfer to Arabidopsis thaliana Protoplasts 
84 
 
electrophoretically transferred to a PVDF membrane (1704156, Bio Rad) using a Trans-Blot® 
Turbo™ Transfer System (Bio Rad) according to manufacturer’s instructions.  
For the detection of smGFP, the blotting membrane was rinsed once with Tris buffered saline 
(TBS, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl), and blocked in TBS with addition of 5 % 
(w/v) skim milk for 1.5 h at room temperature. The membrane was then rinsed with TBST 
(TBS containing 0.05% Tween-20) twice and incubated for 1 h with a HRP-conjugated anti-
GFP antibody (A10260, Thermo Fisher Scientific, USA) diluted 1:1000 in TBS. After 
incubation, the membrane was washed three times in TBST for durations of 10 min, and then 
washed once with TBS.  The immunoblot was then developed using SuperSignal™ West Pico 
PLUS Chemiluminescent Substrate (34077, Thermo Fisher, USA) for 1-2 min. Finally, the 
specific bands were visualized after the PVDF membrane was exposed to a ChemiDoc MP 
imaging System (Bio-Rad, ca, USA).   
3.4 Results  
3.4.1 Binding profile of pDNA on MSNs 
The binding profile of pDNA to different types of MSNs was confirmed using agarose gel 
electrophoresis. As shown in Figure 3.1, free DNA migrated in the gel whereas bound DNA 
remained in the wells. The unfunctionalized MSNs could not bind the pDNA even with high 
mass ratios of pDNA to MSNs, therefore free DNA was observed (Figure 3.1A and Figure 
3.1C). However, amine-functionalized MSNs formed stable nanocomplexes with pDNA when 
the mass ratio of pDNA/Am-MSN-20 (w/w) was 1 to 40 or less and for pDNA/Am-MSN-50 
was 1/20 (w/w) or less, with no free DNA detected in solution after 2 h of incubation (Figure 
3.1B and Figure 3.1D). Since the zeta potential of Am-MSN-50 (16.8±0.7 mV) in W5 solution 
was higher than that of Am-MSN-20 (15.4±1.3 mV), the higher positive charge of Am-MSN-
50 with larger surface area and pore space allowed it to bind pDNA more efficiently than Am-
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MSN-20. The results also indicated that the optimal mass ratios for pDNA/Am-MSN-20 and 
pDNA/Am-MSN-50 were 1/40 and 1/20, respectively. 
 
 
Figure 3.1 Agarose gel electrophoresis assay of pDNA/MSNs complexes at various mass ratios 
of DNA to MSNs. (A) and (C) Binding of pDNA at the MSN-20 or MSN-50 with various mass 
ratios. There was untrapped DNA in the gel. (B)  and (D) Binding of pDNA at the Am-MSN-
20 or Am-MSN-50 with various mass ratios. Complete loading was achieved at a pDNA/Am-
MSN-20 mass ratio of 1/40 (B) or pDNA/Am-MSN-50 mass ratio of 1/20 (D). Images are 
representative of 3 independent experiments, n=3.  
 
3.4.2 Loading capacity of pDNA into MSNs 
The DNA loading capacity of MSNs was obtained by mixing pDNA with amine functionalized 
MSNs at the mass ratio 1:10. It was calculated by the difference of the pDNA amount in 
solution before and after adsorption, which was estimated equal to the amount of pDNA 
adsorbed. As shown in Table 3.1, Am-MSN-50 possessed a higher loading capacity of 66.5µg 
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pDNA/mg particle while the gene loading capacity of Am-MSN-20 was relatively lower (45.5 
µg pDNA/mg particle).  
 
 
Table 3.1 Loading capacity of pDNA into Am-MSNs and zeta potential of MSNs 
 
Sample              Loading capacity      ζ potential (mV) in W5 (1mg/mL)       ζ potential (mV) in Milli-Q water 
                                  (µg/mg)              without pDNA      with pDNA 
MSN-20            -                          -3.6 ± 1.4  -                              -16.0 ± 0.24 
Am-MSN-20   45.5 ± 0.28         15.4 ± 1.3        -9.9 ± 2.3                     8.8 ± 0.39 
MSN-50            -                           0.1 ± 1.2  -                              -14.6 ± 0.32 
Am-MSN-50   66.6 ± 1.05        16.8 ± 0.7        -4.6 ± 0.2                     9.1 ± 1.52 
Note: Data represent the mean ± SD 
To assess pDNA loading capacity, the zeta potentials of MSNs in Milli-Q water and protoplast 
culture media (W5) were also tested (Table 3.1). The zeta potentials of all Am-MSNs without 
pDNA in W5 media were higher than those in Milli-Q water, which was primarily due to the 
high ionic strength of the W5 solution. For example, the zeta potential of MSN-50 in Milli-Q 
water showed a negative value, -14.6 mV, whereas MSN-50 in W5 possessed a positive value, 
+ 0.1 mV. As shown in Table 3.1, zeta potentials of Am-MSN-20 and Am-MSN-50 were +15.4 
mV and +16.8 mV in W5 solution. After pDNA binding (1 µg of pDNA) with Am-MSN (1 
mg/mL), the zeta potential of pDNA/Am-MSN was negative (from +15.4 to -9.9 mV for Am-
MSN-20, from +16.8 to -4.6 mV for Am-MSN-50). 
3.4.3 Protection of pDNA by pDNA/Am-MSNs complex 
To deliver a gene efficiently, pDNA bound to a gene vehicle should be protected against 
digestion by nucleases (Kim et al., 2011). Here, agarose gel electrophoresis was used to 
examine pDNA protection ability of amine functionalized MSNs against enzymatic 
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degradation caused by DNase I, as well as the stability of pDNA/Am-MSNs complex. As 
shown in Figure 3.2, free pDNA without DNase I migrated in the gel (lane 1). The pDNA/Am-
MSNs complex was retained in the gel wells, showing the stability of the complex (lane 3 and 
lane 5). As expected, after DNase I treatment, free pDNA was completely degraded by DNase 
I and could not be detected in the gel (lane 2). However, pDNA/Am-MSNs complex digested 
by DNase I was still visualized in the sample wells (lane 4 for pDNA/Am-MSN-20 and lane 6 
for pDNA/Am-MSN-50).  
 
1 2 3 4 5 6
 
Figure 3.2 Agarose gel electrophoresis of DNA digestion. The amount of pDNA (1 μg) and 
AM-MSNs (40 μg) were constant. Lane 1, free pDNA; lane 2, free pDNA + DNase I; lane 3, 
pDNA/Am-MSN-20; lane 4, pDNA/Am-MSN-20 + DNase I; lane 5, pDNA/Am-MSN-50; 
lane 6, pDNA/Am-MSN-50 + DNase I.  
 
3.4.4 Isolation of protoplasts from A. thaliana and viable activity 
Protoplasts were isolated from the leaves of 14-day-old A. thaliana seedlings and the results 
show that protoplasts with the yield of approximately 1×107 protoplasts varied from 10 to 40 
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μm in size were obtained (Figure 3.3 A). It is well known that living cells will actively convert 
the non-fluorescent FDA into the green fluorescent compound “fluorescein”. After FDA 
staining, protoplasts were deemed to be viable if green fluorescence was observed while 
protoplasts were considered nonviable if no fluorescence was visualized or if red fluorescence 
from chloroplast autofluorescence was observed. Here, the result showed about 90% of isolated 
protoplasts were viable (Figure 3.3B).  
 
 
Figure 3.3 Viability of A. thaliana mesophyll protoplasts. A homogeneous population of 
protoplasts under bright field (A) or with a FITC filter to show viable cells stained with FDA 
(B).  
 
3.4.5 Cytotoxicity of Am-MSNs on protoplasts 
Protoplasts of A. thaliana were treated with various concentrations of Am-MSNs, and viability 
of protoplasts determined by the FDA hydrolysis assays. Effects of incubating protoplasts with 
Am-MSN-20 or Am-MSN-50 on the viability of protoplasts over 12, 24, 36, 48 and 60 h time 
periods are shown in Figure 3.4. Compared with untreated protoplasts, both types of MSNs 
exhibited no significant cytotoxic effects even at the highest concentration tested (100 mg/L). 
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The results indicated that these concentrations of Am-MSNs should be used to treat the plants 
in the field, which would be discussed in Chapter 4. In terms of incubation time, both of the 
Am-MSN types did not induce markedly enhanced protoplasts death at any experimental time 
points and viability still remained above 70% even after incubation for 36 h. 
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Figure 3.4 Assessment of Am-MSN cytotoxicity on A. thaliana mesophyll protoplasts after 
incubation with Am-MSN-20 (A) and Am-MSN-50 (B) in various concentrations at different 
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time point after incubation. The average value of three replicates represents mean ± SD, n ≥ 
100. CK = Control protoplasts without treatment. 
3.4.6 Intracellular uptake of MSNs in protoplasts 
In the present study, FITC labeled MSNs were employed to visualize the interaction between 
MSNs and A. thaliana plant cells without a cell wall barrier. As shown in Figure 3.5, the 
untreated protoplasts only showed red autofluorescence from chloroplasts when viewed by the 
CLSM (Figure 3.5A). Moreover, the FITC signal did not appear when the plant cells were 
treated with naked FITC, which indicated that free FITC could not penetrate into the protoplasts 
(Figure 3.5B). However, both FITC-MSN-20 and FITC-MSN-50 (green spots) were 
internalized by the protoplasts (Figure 3.5C and 3.5D). Compared to FITC-MSN-20, FITC-
MSN-50 showed higher cellular uptake and aggregation in the cytoplasm, which resulted in a 
significant increase in the fluorescence intensity (Figure 3.6).  
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Figure 3.5 Uptake of FITC-labeled MSNs by protoplasts of A. thaliana. Protoplasts incubated 
with or without FITC-MSNs under green, red and merged channels. Images were 3D 
projections of a series of 3 to 5 z-stack images. (A) CK, protoplasts only, (B) FITC only, (C) 
FITC-MSN-20, and (D) FITC-MSN-50. Chloroplasts in the protoplasts exhibited red 
autofluorescence. The excitation wavelength used in confocal laser scanning microscopy of 
FITC and MSN-FITC was 488 nm, and for chloroplast autofluorescence was 561 nm. Scale 
bars = 5µm. 
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Figure 3.6. Relative fluorescence intensities of cellular uptake by A. thaliana protoplasts in 
green channel. Treatments were protoplasts only, FITC only, FITC-MSN-20, and FITC-MSN-
50. The relative fluorescence intensity was calculated with Image J software. The average value 
of three replicates represents mean ± SD, n ≥ 100, p < 0.05. 
 
3.4.7 Expression of smGFP gene in protoplasts 
The smGFP transient expression in treated protoplasts was observed under CSLM.  As shown 
in Figure 3.7, for protoplasts negative controls, neither naked pDNA (1 µg) nor Am-MSNs 
showed a fluorescence signal under green channel while the chloroplasts showed typical 
autofluorescence under the red channel (Figure 3.7A and 3.7B). After incubation with the 
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complex of pDNA/Am-MSNs (1 µg pDNA/40 µg particle for Am-MSN-20, 1 µg pDNA/20µg 
particle for Am-MSN-50) for 36 h, the green fluorescence was observed in the treated 
protoplasts (Figure 3.7D and 3.7E). The results showed that 13.1 % of smGFP positive 
protoplasts were obtained using Am-MSN-50-mediated transformation approach after 48 h, 
compared to the 5.0 % for Am-MSN-20-mediated transfection (Figure 3.8A). 
As a positive control, a direct gene transfer experiment was also carried out using PEG instead 
of Am-MSNs. The results showed that PEG-mediated transformation acquired higher gene 
transformation efficiency (62.3 %) than that of Am-MSNs by an average of 4.7-fold for Am-
MSN-50 and 12.4-fold for Am-MSN-20 (Figure 3.8A). Image J-based analysis of smGFP 
fluorescence showed that the activity of PEG-mediated gene transformation was 10.4 and 4.4 
times stronger than that of the Am-MSN-20 and Am-MSN-20, respectively (Figure 3.8B).  
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Figure 3.7 MSN-mediated transient smGFP expression in protoplasts of A. thaliana 48 h post-
transformation. Protoplasts incubated with (A) pDNA only, (B) Am-MSNs, (C) pDNA/PEG, 
(D) pDNA/Am-MSN-20, and (E) pDNA/Am-MSN-50, respectively. Scale bars = 5µm. 
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Figure 3.8 Assessment of smGFP gene expression in protoplasts of A. thaliana 48 h post-
transformation. (A) The transformation efficiency of A. thaliana protoplasts was calculated by 
the ratio of smGFP-positive protoplasts to the total number of cells (n ≥ 100). (B) Relative 
fluorescence intensities of smGFP transient expression in treated protoplasts of A. thaliana. 
The average value of three replicates represents mean ± SD, n ≥ 100, p < 0.05. 
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3.4.8 Western blot analysis for the presence of the smGFP protein 
In order to determine the smGFP expression of pDNA/MSNs complexes in plant cells, the 
transformed and non-transformed A. thaliana protoplasts were used to extract total protein for 
Western blot analysis. In this study, sample protein from the non-transformed protoplasts and 
transformed protoplasts mediated by PEG were used as negative and positive controls. As seen 
in Figure 3.9, the smGFP (28 kDa) expression of pDNA/Am-MSN-20 transformed protoplasts 
(lane 2) was lower than that of pDNA/Am-MSN-50 treated protoplasts (lane 3), while no 
smGFP was detected in protoplasts treated with naked pDNA only (lane 1). Moreover, the 
PEG-mediated transformed protoplasts (lane 4) exhibited higher smGFP expression than those 
protoplasts treated exposed to the pDNA/MSNs complexes.  
 
Figure 3.9 Western blot analysis of smGFP protein in transformed protoplasts of A. thaliana. 
The extracted protein (20 μg per lane) was separated by SDS-PAGE on 5 % stacking and 10 % 
separation gels and transferred to the PVDF membrane. The Western blots were developed 
with HRP-conjugated anti-GFP polyclonal antibody. Protein standards marker (lane M), 
proteins from protoplasts treated by pDNA only (lane 1), pDNA/Am-MSN-20 (lane 2), 
pDNA/Am-MSN-50 (lane 3), and pDNA/PEG (lane 4).  
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3.5 Discussion  
Plant protoplasts without cell walls provide a powerful and versatile cell system for 
physiological, biochemical, and molecular studies of plant cell functions (Silva et al., 2010). 
For example, Nanjareddy et al. (2016) showed that mesophyll protoplasts isolated from mature 
A. thaliana leaves had physiological reactions similar to those of leaves of intact plants to 
diverse signals such as environmental cues, metabolites and hormones. In research involving 
the use of mesophyll protoplasts, most of the physiological and quantitative responses can be 
detected within 2-10 h after DNA transfection, and the experimental process often does not 
need stringent sterile techniques or complex culture media. In addition, only a small amount of 
protoplasts (2×104/mL) is enough for the transient gene expression due to the high efficiency 
and sensitivity (Yoo et al., 2007). Isolation and transformation of A. thaliana protoplasts are 
controlled by several factors and the most important factor is using healthy plants. In addition, 
to ensure a high yield of intact protoplasts, during the whole process of extraction, protoplasts, 
which are very fragile, should be carefully handled to avoid membrane breakage and disruption 
of organelles. In the present study, the desired protoplasts with a yield of approximately 1×107 
cells/mL and the viability rate of around 90% were obtained using the leaves of 14-day-old A. 
thaliana seedlings. Thus, protoplasts of high quantity and quality were used to increase the 
intracellular uptake and improve potential gene transformation efficiency.  
Nowadays, two major types of vehicles including viral and non-viral vectors are used for gene 
delivery. However, the application of viral vector involved delivery systems is greatly hindered 
because of some inherent disadvantages such as cell toxicity, low loading efficiency, serious 
immunogenicity and short period transgene expression (Li et al., 2016d). Therefore, different 
types of non-viral carriers including ENPs have been exploited for gene delivery. In particular, 
MSNs are promising candidates since they possess distinct advantages such as controllable 
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pore sizes and particle sizes, high porosity with large surface area, easy surface modification 
and high biocompatibility, and good biodegradability and low cytotoxicity (Lin et al., 2017).  
Studies have shown that the size and shape of MSNs are crucial factors that determine their 
cytotoxicity and intracellular uptake ability. MSNs with smaller particle size are more easily 
taken up by cells but it has been found by Chang et al. (2017) that their cytotoxicity is likely to 
increases when the particle size is reduced. In the present study, effective cellular uptake of 
both FITC-MSN-20 and FITC-MSN-50 was detected and the accumulation of these particles 
in the cytoplasm of treated protoplasts was observed. Chang et al. (2013) found that MSNs 
with particle size around 40-50 nm could pass through nuclear envelope or nuclear pore and 
reached the root cell nucleus of A. thaliana. Moreover, the accumulation of MSNs in vesicles 
was observed, which suggested that endocytosis might be one of the uptake routes. The uptake 
of these specific FITC-MSNs was particle size- and pore size-dependent and their mechanism 
of uptake needs to be further exploited in the future study. Additionally, the cytotoxicity of 
Am-MSN-20 and Am-MSN-50 on the protoplasts was evaluated and the conditions used here 
the viability of isolated protoplasts slowly declined, independently of whether they were treated 
with MSNs or not. After incubation for 36 h, clear green fluorescent signals were observed in 
more than 70% protoplasts after staining with FDA, indicating that the majority of the isolated 
protoplasts were intact and viable and could be used for experimental purposes at least for that 
length of time. Hence, both Am-MSN-20 and Am-MSN-50 are biosafe over this period of time, 
otherwise it would be a hurdle which could limit their application as vehicles for gene delivery. 
Currently, amines are widely applied to functionalize MSNs in order to obtain a positively 
charged surface, which facilitates the binding of negatively charged siRNA, plasmid DNA, 
peptides, oligonucleotides and other active molecules with MSNs through electrostatic 
interaction (Chen et al., 2017a). Also, these amine groups can serve as “proton sponges” to 
induce endosomal escape to the cytosol (Chang et al., 2017). In the current study, the zeta 
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potentials of both MSN-20 and MSN-50 changed from a negative value to a positive value 
after functionalization with amino groups. The results showed that bare MSNs without the 
modification of added amino groups could not bind with pDNA. Moreover, Am-MSN-50 had 
a high loading capacity of pDNA compared to that of Am-MSN-20, which suggested that 
MSNs with big pores could offer a much greater surface area for the accommodation of pDNA.  
It is recognized that naked nucleic acids cannot be used for direct systemic delivery because of 
several limitations including degradation by endogenous nucleases, and in mammals rapid 
elimination by renal excretion and the difficulty of passing through  cell membranes has been 
reported (Liu et al., 2016b). Therefore, ideal gene delivery vectors should have the capability 
of high gene copy loading, good gene protection and effective cellular uptake. The high pore 
volume of MSNs offers a relatively huge space for the encapsulation of large amounts of DNA 
while the silica walls shield the loaded DNA against degradation by nucleases. The results of 
the agarose gel electrophoresis used here indicated that free pDNA was completely degraded 
by DNase I and could not be detected on the gel while both Am-MSN-20 and Am-MSN-50 
could effectively protect the loaded pDNA from degradation, which indicated that the two sizes 
of MSNs could be employed as desired carriers for gene delivery. 
Many reports have shown or suggested that MSNs can be used as a gene or/and drug vehicle 
in biomedicine (Keasberry et al., 2017, Cha et al., 2017, Castillo et al., 2017). However, even 
though many studies have reported an increased use of MSNs in plants, only limited research 
has examined MSNs as a nucleic acid delivery carrier (Torney et al., 2007, Chang et al., 2013). 
In NP-based gene delivery systems, the plant cell wall barrier and poor cellular membrane 
permeability have greatly impeded the introduction of nucleic acids into plants, and the 
imported gene stability may decrease after plant cell uptake of NPs with large particle and pore 
sizes (Fleischer et al., 1999, Allardyce et al., 2012, Liu et al., 2015b, Cunningham et al.). Fu et 
al. (2015) reported that since SNPs more easily penetrate the cell wall of tobacco callus than 
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that of leaves, a higher transformation efficiency in callus was achieved compared to in leaves. 
In this study, results showed that small particle size of MSNs with large or small pores, 
followed by amine-modification to possess positive charges providing electrostatic attachment 
with negatively charged pDNA, could be used for gene delivery into protoplasts. It is assumed 
that due to pore space occupation after amine-modification, Am-MSN-20 only absorbed pDNA 
on the outside surface, which resulted in a lower transformation efficiency. However, Am-
MSN-50 with large pores (∼10.9 nm) showed higher binding and loading capacity of DNA, 
which attracted more pDNA on the surface of inside pores and protected them from enzymatic 
degradation. Similarly, Torney et al. (2007) used big MSNs (particle size~90 nm) with small 
pores (3 nm) to load pDNA encoding GFP into tobacco protoplasts, resulting in 7 % transient 
transformation. Additionally, PEG-mediated gene transformation to protoplasts has been, to 
date, one of the most successful and efficient approaches in plant. However, this method has 
been challenged because of some limitations. For example, the foreign DNA is susceptible for 
degradation and rearrangement. However, MSNs could protect the DNA inside the pores from 
degradation to some extent. In this study, it was noticed that the higher transformation 
efficiency of protoplasts mediated by Am-MSNs was achieved when 106 protoplasts/mL were 
incubated with 1,000-2,000 times less pDNA (1µg) than that of conventional PEG-mediated 
gene transformation in protoplasts (10-20 µg pDNA for 104 protoplasts/mL). These results 
demonstrated that the high transformation efficiency of the Am-MSN-based gene delivery 
system could be applied in plant cells. 
Western blot analyses of samples revealed that the molecular weight of smGFP shown on the 
blots was 28 kDa, which was consistent with the result of Davis and Vierstra (1998). These 
results indicated that the pDNA was delivered into plant cells by NPs, integrated and expressed 
in the transformed protoplasts. Also, the results were in agreement with the results of smGFP 
transient expression. 
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3.6 Conclusion 
In this chapter, two types of amine-functionalized MSNs were employed to transfer gene into 
protoplasts.  The non-cytotoxicity of both NPs demonstrated their ability to enter protoplasts 
and deliver pDNA encoding smGFP into plant cells leading to expression of the GFP inside 
the protoplasts. The transformation efficiency was increased 8.1 % by using Am-MSN having 
bigger pore size which encapsulated more pDNA. To the best of our knowledge, the present 
study is first to use small MSNs (particle size around 20-50 nm) to deliver genes to plant cells.
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Chapter 4. Amine-functionalized MSNs Promote Growth 
and Yield in the Model Plant Arabidopsis thaliana 
4.1 Abstract 
Mesoporous silica nanoparticles (MSNs)  of 50 nm diameter particle size with a pore size of 
approximately 14.7 nm were functionalized with amino groups (Am-MSN-50) and the effects 
of exposure of these positively charged Am-MSN-50 on each of the life cycle stages of the 
model plant Arabidopsis thaliana were investigated. After growth in half strength MS medium 
amended with Am-MSN-50 (0 - 100 µg/mL) for 7 and 14 d, seed germination rate and seedling 
growth were significantly increased compared with untreated controls. The seedlings were then 
transferred to soil and irrigated with Am-MSN-50 solution every 3 d until seed harvesting. 
After four weeks growth in soil Am-MSN-50 treated plants showed up-regulation of 
chlorophyll and carotenoid synthesis-related genes, an increase in the content of photosynthetic 
pigments and an amplification of plant photosynthetic capacity. All these changes in plants 
treated with Am-MSN-50 were closely correlated with greater vegetative growth and higher 
seed yield. In all the experiments, 20 and 50 µg/mL of Am-MSN-50 were found to be more 
effective with respect to other treatments, while Am-MSN-50 at the highest level of 100 µg/mL 
did not result in oxidative stress or cell membrane damage in the exposed plants. To the best 
of our knowledge, this is the first report evaluating both physiological and molecular responses 
following exposure to plants of these specific Am-MSN-50 throughout their whole life cycle. 
These findings indicated that Am-MSN-50 are biosafe and could be applied as a novel delivery 
system in plants. 
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4.2 Introduction 
For the past several decades, the rapid development of nanotechnology has significantly 
increased the possibility for the design and development of various novel biological tools. 
Engineered nanoparticles (ENPs) have become important elements in a number of areas such 
as medicine, analytical chemistry and agriculture, and through their application, for example, 
as biosensors, delivery vectors and DNA labels (Kumar et al., 2013, Wong et al., 2016). Nano-
based pesticides, fertilizers and other agricultural formulations have greatly improved 
agricultural products and paved new approaches towards sustainable agriculture (Rai and Ingle, 
2012). Among all these ENPs, mesoporous silica nanoparticles (MSNs) have drawn much 
research interest due to their innately unique properties such as large surface areas and pore 
volumes, high loading capacity, high thermal and chemical stabilities, and outstanding 
biocompatibility (Setyawati and Leong, 2017). The easily functionalized surface of MSNs is 
an especially useful characteristic that provides great opportunity for the production of new 
nanocarriers through combinations of different functional chemical groups.    
Recent research in plant science has focused on the delivery of MSNs loaded with different 
cargoes such as proteins, DNA and agrochemicals, and these studies have shown the potential 
of employing MSNs as nanocarriers in plants. For example, gold-capped MSNs were employed 
to deliver DNA and chemicals by the gene gun method to isolated and cultured plant cells 
(Torney et al., 2007). Chang et al. (2013) reported the delivery of foreign DNA into intact A. 
thaliana roots using MSNs as carriers without the aid of extra mechanical force. Similarly, 
Martin-Ortigosa et al. (2014) imported the Cre recombinase protein into maize cells using 
MSNs as the delivery vector. Recently, chitosan-capped MSNs were used as nanocarriers for 
the controlled release of pesticides (Cao et al., 2016). In a previous study, our research group 
synthesized monodispersed MSNs of particle size around 20 nm with pore size approximately 
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3.0 nm, and functionalized them with redox-responsive, short-chain decanethiol gatekeepers. 
Two important plant hormones, salicylic acid (SA) and abscisic acid (ABA), were 
independently loaded into these unique MSNs and delivered into A. thaliana plants. The 
controlled release of imported plant hormones inside plant cells was achieved through cleavage 
of the disulfide bonds between gatekeepers and MSNs by using glutathione (GSH) as the 
stimulus (Yi, 2015, Sun et al., 2018). 
Surface modification is an important aspect of tailoring MSNs for various specific purposes. 
In particular, the silanol group (Si-OH) rich silica surface of MSNs can be easily modified with 
various nanovalves for on-demand controlled release or the attachment of functional groups 
for specific targeting (Croissant et al., 2016). Thus functionalized MSNs offer possibilities for 
bio-applications in various areas including imaging, biosensing, cellular targeting and 
drug/protein/gene/ agrochemical delivery (Zhu et al., 2017). Till now, a series of techniques 
such as imprint coating, post-synthetic grafting and one-pot synthesis have been employed for 
the chemical surface functionalization of MSNs (Li et al., 2017). Currently, chemically 
synthesized cross-linkers of amines are widely applied to functionalize MSNs for obtaining a 
positively charged surface, which facilitates the binding of negatively charged plasmid DNA, 
siRNA, oligonucleotides, peptides and other active molecules to MSNs through electrostatic 
interaction (Chen et al., 2017a).  
The release of ENPs into the environment is a potential threat to the environment. Plants are 
crucial components in ecological systems and may serve as potential pathways for ENPs 
transport, eventually leading to bio-accumulation into the food chain (Zhu et al., 2008). 
However, research on nanophytotoxicity is still in its infancy and there is a lack of detailed 
knowledge on the effects of ENPs in natural plant systems. In the research field of the 
interaction between SNPs and higher plants, previous studies have focused on non-porous 
SNPs, and the results have been contradictory. For example, SNPs of particle size 14, 50 and 
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200 nm were found to be transported into the roots of A. thaliana but had no phytotoxic effects 
on the growth of these plants (Slomberg and Schoenfisch, 2012). In contrast, Van Hoecke et 
al. (2008) showed that 12.5 and 27.0 nm SNPs significantly reduced the growth of a green alga 
(Pseudokirchneriella subcapitata). However, positive influences of SNPs on plants also have 
been reported. In one study, the growth and development of maize crops were greatly enhanced 
when the plants were treated with 20-40 nm SNPs (Yuvakkumar et al., 2011). In another study, 
Siddiqui et al. (2014) found that 12 nm SNPs obviously improved seed germination and growth 
of squash (Cucurbita pepo L.). However, till now, the studies on the influences of MSNs on 
plants are very limited. Xia et al. (2013) reported that after 24 h of incubation with 5-15 nm 
MSNs, Liriodendron hybrid suspension cells maintained high viability, and retained the 
capability for plant regeneration. In our previous study, we found that bare MSNs of 20 nm in 
diameter with pore size around 3 nm enhanced the growth and development of wheat (Triticum 
aestivum) and lupin (Lupinus angustifolius) plants by augmenting the total chlorophyll content 
and photosynthetic activities in the leaves of treated plants (Sun et al., 2016). Overall, these 
varying results suggest that the influences of SNPs on plants are related not only to the type of 
particles, their size, application concentration, surface charge and functional groups but also to 
plant species and even the stage of plant development. These examples illustrate that there are 
still a number of unresolved issues and potential challenges that are of concern and that must 
be resolved around the use of MSNs and impacts on plant growth and development.   
In chapter three of this thesis, I used amine-functionalized MSNs (Am-MSNs) with a particle 
size of around 50 nm and a pore size of approximately 14.7 nm to delivery pDNA into the A. 
thaliana protoplasts. This results demonstrate the great potential of application these MSNs for 
gene transfer in plant systems. To the best of our knowledge, no relevant work has been 
published that has evaluated the biosafety of amine-functionalized MSNs (Am-MSNs) across 
the entire plant life cycle. Therefore, we used the well characterized and fully genome 
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sequenced model plant, A. thaliana, to investigate the effects of exposure to these specific Am-
MSN-50. Representative life stages from seed germination to seed yield were examined and 
parameters measured included seed germination rate, plant biomass, total root length, 
antioxidative enzyme activity, chlorophyll and carotenoid contents, photosynthesis rate and 
seed yield. In addition, the expression of chlorophyll and carotenoid synthesis related genes 
was analyzed through using quantitative reverse transcription PCR (qRT-PCR). In brief, our 
results show that Am-MSN-50 had little or no phytotoxic effects on the tested plants but also 
enhanced their growth and seed yield, thus confirming their biosafety as delivery vectors in 
plant systems.  
4.3 Materials and methods 
4.3.1 Synthesis and characterization of amine-functionalized MSNs 
The synthesis of MSNs with large pore size, and amine-functionalized and characterizations of 
these particles were described in section 2.3.2, 2.3.3 and 2.3.4 of Chapter 2. 
4.3.2 Plant growth and treatment  
Wild-type A. thaliana Columbia ecotype (Col-0) seeds were surface sterilized for 5 min with a 
solution containing 45% (v/v) sterile distilled water, 50% (v/v) ethanol and 5.0% (v/v) 
hydrogen peroxide and then rinsed three times with sterilized distilled water. For germination 
of seeds in Petri plates containing media, half strength Murashige and Skoog (1/2 MS) medium 
supplemented with 20 g/L sucrose and 10 g/L agar (pH 5.7) was prepared. Am-MSN-50 were 
suspended and sonicated for 1 h to ensure well-dispersed stock solution, and then mixed with 
1/2 MS media to form the final different concentrations of Am-MSN-50. In the preliminary 
experiments, Am-MSN-50 of 0, 100, 200, 300 and 500 µg/mL were tested and the results 
indicated that A. thaliana seed germination was evidently inhibited when the concentration of 
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Am-MSN-50 was higher than 100 µg/mL (Data not shown). Therefore, in the present study, 
Am-MSN-50 at the concentrations of 0, 10, 20, 50 and 100 μg/mL were examined. The mixed 
solutions were then autoclaved at 121 °C for 15 min. Twenty-five milliliter of the mixed 
medium was then poured into 90 mm Petri plates and solidified quickly by placing at 4 °C to 
avoid  precipitation of Am-MSN-50. Twenty-five sterilized seeds of A. thaliana were sown on 
each Petri dish and stratified for 2 d at 4 °C prior to transfer to a growth cabinet with 16 h 
light/8 h dark photoperiod (at a photosynthetic photon flux density of 100 μmol m-2s-1) at 21 °C. 
The number of germinated seeds was determined at 7 and 14 d after sowing (DAS) and 
presented as percent germination rate. Meanwhile, whole plants were collected and the average 
root length was determined using Image J software. Root hair density was also determined by 
counting all visible root hairs in a 1 mm segment (Stetter et al., 2015). In addition, the 
parameters reflecting seedling growth status including shoot length, number of rosette leaves, 
and the total fresh weight of A. thaliana plants were determined. Extra seedlings at 14 DAS of 
each treatment were then transferred to pots containing growth soil and placed within growth 
cabinets with the same conditions as described above. Fifty milliliters of MSN solutions at the 
concentrations of 0, 10, 20, 50 and 100 μg/mL were irrigated to the surrounding soil of the 
seedlings every 3 d starting from the third day of planting until the day of seed harvest. 
4.3.3 Biomass and water content measurement 
Six-week-old A. thaliana plants from each treatment were harvested and thoroughly rinsed 
with deionized water for three times. The fresh weight (FW) of seedling each was measured 
after removing excess water by soaking with absorbent paper. The samples were then oven-
dried at 80 °C for 15 min, followed by vacuum-drying at 40 °C to a constant mass before dry 
weight (DW) was determined. The water content was calculated according to the formula: 
(FW- DW)/DW (Wang et al., 2016b). 
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4.3.4 Measurement of lipid peroxidation and H2O2.  
The level of lipid peroxidation in the leaves of six-week-old plants was determined by 
measuring malondialdehyde (MDA) production using the thiobarbituric acid reactive 
substances (TBARS) assay (Sun et al., 2016). In brief, 200 mg of fresh leaves was homogenized 
in 2 mL of 10% (w/v) trichloroacetic acid (TCA) on ice. The extracts were centrifuged at 9,700 
g (Eppendorf Centrifuge, Hamburg, Germany) for 15 min at 4 °C, and then the supernatant was 
added into the mixed solution containing 2 mL 0.6% thiobarbituric acid (TBA) (dissolved in 
10% TCA). The mixture was incubated at 100 °C for 30 min and then cooled on ice. The 
absorbance of the supernatant was measured at 450, 532 and 600 nm respectively after 
centrifugation at 1,000 g for 15 min. The MDA content was calculated according to the formula: 
6.45 × (A532-A600) - 0.56 × A450. In addition, 200 mg of leaves were homogenized in 2.0 
mL of chilled acetone and centrifuged at 1,000 g for 10 min at 4℃. Then, 0.1 mL of 20% (v/v) 
titanium tetrachloride (TiCl4) was mixed with 1 mL of supernatant and centrifuged at 1,000 g 
for 15 min. After that, 3 mL of 1 M H2SO4 was added to 1 mL of precipitate and the mixture 
was then centrifuged at 1,000 g for another 15 min. The absorbance of the solution was 
recorded at 415 nm against a blank and the content of H2O2 was evaluated using a standard 
curve (Lu et al., 2011). 
4.3.5 Estimation of antioxidant enzyme activity 
Fresh leaf tissue (100 mg) was extracted using a mortar and pestle in phosphate buffer (50 Mm, 
pH 7.8) containing 0.2 mM EDTA and 2% polyvinylpyrrolidone. The extract was then 
centrifuged at 9,800 g for 15 min at 4 °C, and the supernatant was used to determine the 
activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) 
according to previously described protocols with modification (Lu et al., 2011, Liu et al., 2017). 
In brief, SOD activity was estimated as a function of inhibition of nitroblue tetrazolium (NBT) 
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photochemical reduction. An extinction coefficient of 39.4 mM-1cm-1 was used to calculate the 
CAT activity and APX activity was determined using an extinction coefficient of 2.8 mM-1cm-
1. In addition, POD activity was evaluated using spectrophotometry at an absorbance of 470 
nm. 
4.3.6 Measurement of intercellular CO2 concentration, leaf stomatal conductance, 
transpiration rate, and net rate of photosynthesis  
The fully expanded fifth rosette leaves of 6-week-old A. thaliana plants were used to determine 
intercellular CO2 concentration (Ci), leaf stomatal conductance (gs), transpiration rate (E) and 
net rate of photosynthesis (PN) by using a portable Li-Cor LI-6400 gas exchange system 
(Lincoln, NE, USA). The intercellular CO2 concentration was calculated as CO2 in micromole 
per mole intercellular air (μM CO2 M-1), leaf stomatal conductance as water vapor in mole per 
square meter leaf area per second (M H2O m
-2s-1), the transpiration rate as water loss in 
millimole per square meter leaf area per second (mM H2O m
-2s-1) and the net rate of 
photosynthesis as CO2 uptake in micromole per square meter leaf area per second (μM CO2 m-
2s-1) (Rios et al., 2014). 
4.3.7 Assessment of photosynthetic pigment content 
For assessment of chlorophyll content, fresh rosette leaves (0.5 g) from 6-week-old A. thaliana 
plants were extracted with 80% (v/v) aqueous acetone (10 mL) and centrifuged at 5,700 g for 
10 min. The absorbance of the clear supernatant was determined at 645 nm and 663 nm 
according to Arnon’s Formula (Giraldo et al., 2014). In addition, carotenoid (xanthophylls and 
carotenes) content was measured at 425 nm and 450 nm using the protocol with minor 
modification (Zhang et al., 2015c). 
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4.3.8 Photoreduction activities 
Chloroplasts were isolated from the leaves according to a previous method (Tripathy and 
Mohanty, 1981). Fresh leaves from 6-week-old A. thaliana plants were homogenized in a pre-
chilled mortar with ice-cold isolation buffer containing 330 mM mannitol, 30 mM HEPES, 2 
mM EDTA, 3mM magnesium chloride, and 0.1% w/v bovine serum albumin (pH7.8). The 
homogenate was quickly filtered through five layers of cheesecloth and centrifuged at 3000×g 
for 5 min at 4 ºC. The sediment was washed using isolation buffer and further centrifuged at 
1000×g for 5 min at 4 ºC Oxygen evolution was determined in a mixed solution containing 
chloroplasts equivalent to 378 μg/mL of chlorophyll using the previously described method 
(Tripathy and Mohanty, 1981). Hill reaction activity was assayed by using the chemical of 2, 
6-dichlorophenolindophenol (DCPIP). Hill activity was expressed as μM DCPIP reduced per 
min per μg chlorophyll (Vishniac, 1957). In addition, NADP reduction was determined using 
a spectrophotometric method (Terry and Huston, 1975). Further, using a previously described 
protocol, light-induced ATP content of chloroplasts was measured by comparing the ATP level 
in the dark and after 1 min illumination (Wang et al., 2006).  
4.3.9 Quantitative real-time PCR analysis 
Changes in the expression of gene transcripts involved in chlorophyll and carotenoid synthesis 
were analyzed by qPT-PCR in A. thaliana plants exposed to Am-MSN-50. Total RNA was 
isolated from rosette leaves of 6-week-old plants by using a Trizol RNA Kit (TRIzol®Reagent 
Sigma). Two microgram of total RNA was used for reverse transcription using the EasyScript 
cDNA Synthesis SuperMix (TransGen Biotech, Beijing) for first strand cDNA synthesis. A 
complete list of primer sequences is provided in Table 4.1. Real-time PCR (Chromo-4 opticon 
monitor, Bio-Rad, CA, USA) was conducted using 20 μL reaction solutions containing 1 μL 
of template cDNA, 0.2 μM of corresponding forward and reverse primers and 10 μL of 2x IQ 
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SYBR Green Super Mix (Bio-Rad, CA, USA). The reactions were run with an initial 
denaturing at 95 °C for 7 min followed by 45 cycles of 95 °C for 15 s, 55 °C for 1 min and 
72 °C for 0.15 s and melting curve analysis was done. The expression level of A. thaliana 
Actin2 messenger RNA (mRNA) was used as a reference gene (Zhao et al., 2013). Relative 
quantity (2−ΔΔCt method) was then used to calculate relative gene expression level using gene 
expression analysis software (Bio-Rad, CA, USA) (Ma et al., 2013a).  
Table 4.1 Primers used for RT-PCR in this study 
  Primers                  Sequences  
  CAO-qF                  5′-AGTCCTTCTGCTTTATCTCTC-3′ 
  CAO-qR                  5′-TTCTCAACTAATCCACTCTCA-3′ 
  CHLG-qF                 5′-GAGATTTGTTGTGCGTGCGG-3′ 
  CHLG-qR                 5′-CCAGTGGAGGCCAAGTGACT-3′ 
  CHLD-qF                 5′-CCACATCAGATACGGATACGG-3′ 
  CHLD-qR                 5′-GTCAGCATTGTACTCTATGCGCTC-3′ 
  CHLM-qF                 5′-AGCCGGGGTCGACAGTACAACAATC-3′ 
  CHLM-qR                 5′-ACCGGCCAAGGATCTATCTTCAGTC-3′ 
  PDS3-qF                  5′-TTGCAGTGGAAGGAACACTC-3′ 
  PDS3-qR                  5′-ACTCTTAACCGTGCCATCGT-3′ 
  GGPS-qF                 5′-ATCCACGAAGCGATGCGTTACT-3′ 
  GGPS-qR                 5′-CACTTCCTCCACCAACAATAG C-3′ 
  IPI-qF                    5′-ATGCTGTTCAGAGACGACTCA T-3 
  IPI-qR                    5′-TCACCAGCTCCTTAAGCTCTTC-3′ 
  LYC-qF                   5′-TGGTCTGGTGCTGTTGTCTATG-3′ 
  LYC-qR                   5′-GCTCGTCTTCCTCAATCCTCTT-3′ 
Chapter 4. Amine-functionalized MSNs Promote Growth and Yield in the Model Plant A. thaliana 
112 
 
4.3.10 Statistical analysis  
All experiments in this study were conducted with at least three parallel replications. Data are 
presented as mean ± standard deviation (SD). Statistical analysis was performed on the 
differences between the control and treatments by using Duncan’s test at p < 0.05 (one asterisk) 
with IBM SPSS 24.0 software.  
4.4 Results 
4.4.1 Effect of Am-MSN-50 on seed germination and root growth 
Seeds of A. thaliana were germinated on 1/2 MS media mixed with Am-MSN-50. Seed 
germination rate and root length were calculated at 7 and 14 DAS. A higher percentage of 
germination above controls was found for seeds sown in all plates that contained Am-MSN-
50. As shown in Figure 4.1a, at 7 DAS, the highest seed germination percentage of 94.9% was 
observed on the medium supplemented with 20 μg/mL of Am-MSN-50, while the seeds on the 
control medium without Am-MSN-50 showed the lowest germination rate of 80.0%. At 14 
DAS, the rates of seed germination were 96.1% and 98.8% on the media mixed with 10 and 20 
µg/mL of Am-MSN-50, respectively, compared to the 86.7% of seed germination rate on the 
control medium.      
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Figure 4.1 Effects of Am-MSN-50 on seed germination and seedling growth of A. thaliana in 
1/2 MS medium. Seed germination rate at 7 and 14 DAS (a). Representative images of at14 
DAS (b). Root lengths at 7 DAS and 14 DAS in plates (c). Microscopy images of A. thaliana 
root morphology at 7 DAS (d). Data represent the mean ± SD of triplicate experiments (n=25). 
Statistical significance was determined using a one-way ANOVA test (*p < 0.05 versus 
control).  
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In addition, the effects of Am-MSN-50 on the growth of seedlings were also evaluated. At 14 
DAS, representative images of A. thaliana grown in the control and Am-MSN-50 mixed 
medium were acquired, and an evident increase in root elongation and seedling size was found 
in those plants exposed to Am-MSN-50 (Figure 4.1b). At 7 and 14 DAS, the average primary 
root lengths of all seedlings were measured and the results are shown in Figure 4.1c. 
Specifically, the primary root length of the control seedlings at 7 DAS was 1.17 cm in length, 
while that of the seedlings exposed to Am-MSN-50 of 10, 20, 50 and 100 µg/mL was 2.78, 
3.11, 2.20, and 2.29 cm, respectively. At 14 DAS, exposures to Am-MSN-50 at all the different 
concentrations resulted in a significant increase in the length of the primary root. Meanwhile, 
the plants exposed to Am-MSN-50 at 20 μg/mL still showed the greatest enhancement in 
primary root length of 5.52 cm, dramatically higher than that of the control (3.24 cm). 
Moreover, the roots were also examined through microscopy (Figure 4.1d) and root hair density 
(hairs/mm) at 7 DAS was determined (Figure 4.2a). The results showed that all the Am-MSN-
50 treatments significantly increased root hair density compared to that of the control, with 
Am-MSN-50 of 20 μg/mL showing the greatest increase of 154.6% (37.3 hairs/mm versus 14.7 
hairs/mm for the control). In addition, Am-MSN-50 of 10, 20, and 50 μg/mL dramatically 
promoted the growth of all the seedling shoots, and the increase in the shoot length was 1.25, 
1.67 and 1.39 times in seedlings at 14 DAS, respectively. However, Am-MSN-50 at the level 
of 100 μg/mL did not significantly alter plant shoot length (Figure 4.2b). Furthermore, an 
increase was observed in the number of rosette leaves of seedlings to all treatments with the 
Am-MSN-50 (Figure 4.2c). The greatest increase of 25.8% in the number of leaves was found 
in the plants exposed to Am-MSN-50 of 20 μg/mL. Moreover, the total fresh weight of A. 
thaliana seedlings was greatly increased by 1.50, 2.86 and 1.97 times, respectively, on 
exposure to 10, 20 and 50 μg/mL of Am-MSN-50 respectively while no difference was detected 
during exposure to 100 μg/mL of Am-MSN-50 (Figure 4.2d).  
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Figure 4.2 Effects of Am-MSN-50 on growth of A. thaliana in 1/2 MS medium. Root hair 
density at 7 DAS (a). Shoot length at 14 DAS (b). Number of rosette leaves at 14 DAS (c). The 
total fresh weight of A. thaliana seedlings at 14 DAS (d). Data represent the mean ± SD of 
triplicate experiments (n=25). Statistical significance was determined using a one-way ANOVA 
test (*p < 0.05 versus control). 
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4.4.2 Am-MSN-50 enhanced growth of A. thaliana plants 
 After 14d of growth in plates with supplemental MSNs and another four weeks of growth in 
soil with frequent irrigation with different Am-MSN-50 solutions, enhancement of the growth 
of A. thaliana plants exposed to most levels of Am-MSN-50 were detected (Figure 4.3a). 
Quantitative analysis indicated that at 100 μg/mL there were no significant effects on the FW 
and DW of the treated plants (Figures 4.3b, c). However, increases in FW of 15.8%, 78.7% and 
49.5% were found for plants exposed to Am-MSN-50 at 10, 20 and 50 μg/mL, respectively. 
Meanwhile, a similar trend of enhancement was also found in DW of the plants exposed to 
Am-MSN-50 at these three concentrations, with 20 μg/mL showing the most increase by 68.6% 
compared to that in the control. Furthermore, exposure to each of the Am-MSN-50 treatments 
significantly increased the water content of seedlings (Figure 4.3d). 
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Figure 4.3 Effects of Am-MSN-50 on the growth of 6-week-old A. thaliana. Representative 
images of A. thaliana (a). Fresh weight (b). Dry weight (c). Water content (d). Data represent 
the mean ± SD of triplicate experiments (n=10). Statistical significance was determined using 
a one-way ANOVA test (*p < 0.05 versus control). 
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4.4.3 Effects of Am-MSN-50 on MDA and H2O2 contents 
The contents of MDA and H2O2 in the leaves of six-week old A. thaliana plants exposed to 
different concentrations of Am-MSN-50 were investigated. As shown in Figure 4.4a, H2O2 
level did not significantly vary in the leaves of seedlings exposed to Am-MSN-50 at any 
concentration compared to the control. Similarly, it was observed that exposure to Am-MSN-
50 did not resulted in any significant change in lipid peroxidation as compared to the control 
(Figure 4.4b).  
 
Figure 4.4 Contents of (a) MDA and H2O2 (b) in A. thaliana seedlings following Am-MSN-50 
treatments. Data represent the mean ± SD of triplicate experiments (n=10). Statistical 
significance was determined using a one-way ANOVA test (*p < 0.05 versus control). 
 
4.4.4 Antioxidant enzyme assays  
Different concentrations of Am-MSN-50 had no significant impact on the activities of SOD 
(Figure 4.5a), CAT (Figure 4.5b), APX (Figure 4.5c), or POD (Figure 4.5d) in the leaves of A. 
thaliana plants, although slight changes of these enzyme activities were found in some 
treatments.   
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Figure 4.5 Enzyme activities of SOD (a), CAT (b), APX (c) and POD (d) in the leaves of A. 
thaliana plants exposure to different concentrations of Am-MSN-50. Data represent the mean 
± SD of triplicate experiments (n=10). Statistical significance was determined using a one-way 
ANOVA test (*p < 0.05 versus control). 
4.4.5 Leaf gas exchange parameters.  
Am-MSN-50 at the concentrations of 10, 20 and 50 μg/mL greatly enhanced intercellular CO2 
concentration with an increase of 11.9%, 48.2% and 25.0% respectively while a slight increase 
was found in the plants exposed to Am-MSN-50 of 100 μg/mL (Figure 4.6a). Transpiration 
rates of plants exposed to the different concentrations of Am-MSN-50 were significantly 
promoted and the highest increase of 43.1% was found in the group treated with 50 μg/mL Am-
MSN-50 (Figure 4.6b). In addition, the greatest enhancement in leaf stomatal conductance was 
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observed in the plants exposed to 20 μg/mL Am-MSN-50, which achieved 18.5% higher 
conductance than that in the control plants. Meanwhile, Am-MSN-50 at the concentrations of 
10 and 50 μg/mL both dramatically promoted leaf stomatal conductance but no evident change 
could be detected in the plants treated with 100 μg/mL Am-MSN-50 (Figure 4.6c). Furthermore, 
a similar trend was observed for the net rate of photosynthesis in all treatments with the greatest 
enhancement of 46.4% above the control for seedlings treated with 20 μg/mL Am-MSN-50 
(Figure 4.6d).  
 
Figure 4.6 Effects of Am-MSN-50 on photosynthesis of A. thaliana plants using the Li-Cor LI-
6400 gas-exchange measurement system. (a) Intercellular CO2 concentration. (b) Transpiration 
rate. (c) Stomatal conductance. (d) Net photosynthetic rate. Data represent the mean ± SD of 
triplicate experiments (n=10). Statistical significance was determined using a one-way 
ANOVA test (*p < 0.05 versus control). 
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4.4.6 Photosynthetic pigment content  
To further understand the changes in the photosynthetic activities of plants exposed to Am-
MSN-50, chlorophyll and carotenoid pigment contents were determined. As shown in Figure 
4.7a, Am-MSN-50 at the concentrations of 10, 20, and 50 μg/mL dramatically increased the 
chlorophyll a (Chl a) content in the treated plants by 29.8, 53.6, and 23.5%, respectively. The 
exposure to 100 μg/mL MSNs did not cause significant changes in the Chl a content in the 
tested plants. On the other hand, an increase of 41.3 and 27.6% was observed in the Chl b 
content in plants exposed to MSNs of 20 and 50 μg/mL, while MSNs of 10 and 100 μg/mL had 
no significant effects on the Chl b content (Figure 4.7b). Consequently, the ratio of Chl a/b 
greatly increased in the plants treated with Am-MSN-50 of 10 and 20 μg/mL but no evident 
changes were found with exposure to Am-MSN-50 of 50 and 100 μg/mL (Figure 4.7c). In 
addition, Am-MSN-50 at all concentrations tested increased the carotenoid content in A. 
thaliana compared with the control. The greatest enhancement, 61.7%, was found in plants 
exposed to Am-MSN-50 at 20 μg/mL (Figure 4.7d).   
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Figure 4.7 Effects of Am-MSN-50 on pigment concentration in A. thaliana leaves. (a) Chl a, 
(b) Chl b, (c) Chl a/b, and (d) carotenoids concentration. Data represent the mean ± SD of 
triplicate experiments (n=10). Statistical significance was determined using a one-way 
ANOVA test (*p < 0.05 versus control). 
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4.4.7 Photoreduction activities  
To evaluate Am-MSN-50 effects on photosynthetic capacity of treated plants, analysis of 
photoreduction activities in isolated chloroplasts was carried out. As shown in Figure 4.8a, 
Am-MSN-50 at the concentrations of 10, 20, and 50 μg/mL enhanced the oxygen evolution 
rate, and the maximum efficacy was observed in the treatment with 20 μg/mL Am-MSN-50, 
achieving 68.7% improvement compared to that of the control group. Moreover, a similar trend 
was found in the Hill reaction. Am-MSN-50 of 100 μg/mL did not evidently alter Hill reaction 
rate, while all the other three concentrations of Am-MSN-50 (10, 20, and 50 μg/mL) 
remarkably enhanced A. thaliana chloroplast photosynthetic capability, and the greatest 
enhancement of 34.3% was found in the plants exposed to Am-MSN-50 of 20 μg/mL. The 
highest oxygen release rate was observed with treatment of 20 μg/mL Am-MSN-50 while no 
significant change could be detected in the plants treated with 100 μg/mL Am-MSN-50 (Figure 
4.8b). In addition, NADP reduction was measured to further monitor Am-MSN-50 influence 
on the reaction center of PS I. As shown in Figure 4.8c, Am-MSN-50 of 20 and 50 μg/mL 
significantly enhanced the reduction of NADP in the treated plants. Furthermore, the exposure 
to Am-MSN-50 at all the concentrations significantly improved the activities of ATPase in the 
isolated chloroplasts removed from the treated plants, with the highest activity of 79.1% above 
controls in plants treated with 50 μg/mL Am-MSN-50 (Figure 4.8d).   
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Figure 4.8 Polarographic and biochemical changes in photosynthetic pathway in the 
chloroplasts of Am-MSN-50 treated A. thaliana. Oxygen evolution (a). Hill reaction in treated 
chloroplasts (b). NADP reduction (c). Activity of ATPase (d). Data represent the mean ± SD 
of triplicate experiments (n=10). Statistical significance was determined using a one-way 
ANOVA test (*p < 0.05 versus control). 
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4.4.8 Expression levels of chlorophyll and carotenoid synthesis related genes 
Four representative genes involved in chlorophyll biosynthesis pathways and another four 
genes related to carotenoid biosynthesis were chosen for quantitative RT-PCR analysis. These 
genes included CAO (chlorophyll a oxygenase), CHLM (Magnesium-protoporphyrin), CHLG 
(chlorophyll synthase), CHLD (Mg-chelatase subunit D), PDS3 (phytoene desaturase), GGPS 
(geranylgeranyl pyrophosphate synthase), IPI (isopentenyl pyrophosphate: dimethyllallyl 
pyrophosphate isomerase), and LYC (lycopene cyclase). As shown in Figure 4.9a, expression 
levels of all the genes examined including CAO, CHLM, CHLG, and CHLD were significantly 
increased in the plants exposed to Am-MSN-50 at the concentrations of 10, 20 and 50 μg/mL. 
The highest levels of expression for the four genes were observed in plants exposed to 50 
μg/mL Am-MSN-50, with an approximately 70-80% increase in expression level above the 
control. As for the exposure to 100 μg/mL MSNs, a slight increase was found in the tested 
genes. In addition, when exposed to Am-MSN-50 at all the four tested concentrations 
expression was dramatically promoted for four genes PDS3, GGPS, IPI and LYC, which are 
involved in carotenoid biosynthesis (Figure 4.9b). The most significant increase was observed 
in the plants treated with MSNs of 50 μg/mL, with an average increase of 50-60% compared 
to that of the control plants.  
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Figure 4.9 Effects of Am-MSN-50 exposure on the expression of chlorophyll biosynthesis 
relate genes (a) and carotenoid biosynthesis related genes (b) in 4-week-old A. thaliana. Data 
represent the mean ± SD of triplicate experiments (n=3). Statistical significance was 
determined using a one-way ANOVA test (*p < 0.05 versus control). 
 
4.4.9 Effect of Am-MSN-50 exposure on plant seed yield  
At harvest, the total number of siliques in each A. thaliana plant, the total silique biomass, and 
the total number of seeds in each silique were determined. As shown in Figure 4.10a, Am-
MSN-50 at various concentrations increased plant growth and enhanced silique and seed 
production. Specifically, Am-MSN-50 at the concentrations of 10, 20, 50 and 100 μg/mL 
increased the total number of siliques by 27.7, 36.2, 68.5 and 43.3%, respectively (Figure 
4.10b). In addition, the total silique biomass and total number of seeds were significantly 
greater in the plants exposed to different concentrations of Am-MSN-50, and with the greatest 
biomass and seed number observed in the treatment of 50 μg/mL, with increases of 73.9% and 
58.3% respectively above controls (Figure 4.10c, d).  
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Figure 4.10 Effects of Am-MSN-50 exposure on plant seed yield. Total number of siliques in 
each plant (a). Total silique biomass in each plant (b). Total number of seeds in each silique 
(c). Data represent the mean ± SD of triplicate experiments (n=10). Statistical significance was 
determined using a one-way ANOVA test (*p < 0.05 versus control). Scale bars = 2cm. 
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4.5 Discussion 
Although various MSNs have been synthesized by a number of research groups and the use of 
MSNs as vectors for drug delivery has been well documented, the application of MSNs as 
delivery systems in plants and their effects on plant growth is still not thoroughly studied. In 
previous studies, I found MSNs of 20 nm uptake by plant seeds, roots and leaves. These MSNs 
passed through plant roots via apoplastic and symplastic pathways, and then arrived at the 
stems and leaves via the conducting tissues of the xylem (Sun et al., 2014). In addition, I  
reported that these small MSNs of 20 nm enhanced the growth and development of wheat and 
lupin plants (Sun et al., 2016). MSNs with large size of 50 nm and modified with amino groups 
could be a promising vector for gene delivery in the plant system. It is well recognized that 
high loading capacity requires large pore size while MSNs of small particle size are likely to 
achieve effective uptake efficiency. Therefore, MSNs of 50 nm obtain a reasonable balance 
between the two requirements. However, the effects of these Am-MSN-50 on plants has not 
been studied. Furthermore, a comprehensive evaluation of the bio-safety of these Am-MSN-
50 before they are widely applied would be of great significance. Therefore, in this study, I 
analyzed a series of parameters concerning the growth and development on each of the life 
cycle stage of model plant A. thaliana exposed to Am-MSN-50.  
Seed germination is the initial stage of plant growth and development while mature seeds 
require enough water to trigger cellular metabolism for the start of germination. Here, results 
indicate that exposure to Am-MSN-50 significantly improved seed germination rate when 
measured at 7 and 14 DAS. Consistent with my findings, positive influences of SNPs on plant 
seed germination have also been reported in several previous studies (Siddiqui et al., 2014, 
Nair et al., 2011, Haghighi et al., 2012b). Previous research also demonstrated that carbon 
nanotubes (CNTs) could penetrate a thick seed coat and support water uptake inside tomato 
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seeds (Khodakovskaya et al., 2009, Khodakovskaya et al., 2011). The positive effects of ENPs 
on seed germination may be attributed to their capability to penetrate the seed coat while 
supporting and allowing water uptake inside the seeds or ENPs being able to regulate gating of 
existing channels in the seed coat. However, the exact mechanism is not clear and needs further 
investigation. 
Roots are the major plant tissue which will first come into direct contact with ENPs after the 
seed germination. Hence, analysis of roots and root hair growth is a useful and sensitive way 
to evaluate any effect of ENPs on the initial stages of plant growth. Root hairs are the 
unicellular elongations of certain rhizodermal cells and form just basal to the root elongation 
zone that commences just behind the root tip (Stetter et al., 2017). Root hairs, because of their 
number and size, greatly expand the surface area of roots and play essential roles in water and 
nutrient uptake. In the present study, treatment with Am-MSN-50 at all the four concentrations 
tested significantly increased root hair density at 7 DAS, and greatly promoted an increase in 
root length at 7 and 14 DAS compared to that of the control. The root length increase and the 
increase in number of root hairs per root length may be attributed to cell wall loosening caused 
by the ENPs penetration, which reduces the cell thickness and increases endocytosis, thus 
improving root growth and development. In a similar study, the oxidation capacity of nano 
zerovalent iron was found to result in the release of H2O2, which caused OH radical-induced 
cell wall loosening in the roots of treated A. thaliana. Consequently, the asymmetrical 
distribution of tensional strength promoted endocytosis (Kim et al., 2014). This was 
corroborated by my findings that greater enhancement in the growth of plants exposed to Am-
MSN-50 was obtained through the analysis of various parameters including shoot length, 
number of rosette leaves and total fresh weight. 
After another 4 w of growth in soil together with the supplement of Am-MSN-50 solutions 
every 3 d, the biomass of A. thaliana seedlings including FW and DW, and water contents were 
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measured to assess the influences of Am-MSN-50. Overall, Am-MSN-50 treated plants 
demonstrated an obvious increase in biomass and water contents, which suggested that Am-
MSN-50 enhanced A. thaliana growth. Similar positive influences of SNP treatment have been 
shown by previous studies (Suriyaprabha et al., 2012, Siddiqui and Al-Whaibi, 2014). Hence, 
I conclude that the significant positive effects of Am-MSN-50 on plant growth were attributed 
to the increased cellular silica which was the main component of Am-MSN-50. The weight of 
accumulated silica was negligible since the concentrations of treated Am-MSN-50 was very 
low but the element of silica was a beneficial nutrient which facilitated plant growth, improved 
plant water status and enhanced transpiration rate, thus resulting in an increase in the biomass 
of treated plants. Moreover, data in this study showed that the exposure to Am-MSN-50 
obviously enhanced photosynthetic activities in the treated A. thaliana plants.  
It has been shown that oxidative stress, membrane damage, and antioxidant enzyme activities 
are standard indicators for evaluating toxicity of ENPs on plants (Rico et al., 2013). H2O2 is 
known as a representative reactive oxygen species (ROS) since it is more sensitive to the 
environmental stresses. Lipid peroxidation, an indicator of abiotic stress, is indirectly measured 
by MDA formation. The excessive ROS production induced by the exposure to xenobiotics 
may result in cell membrane damage, including direct damage to phospholipids (Wang et al., 
2016b). In the present study, exposure to various concentrations of Am-MSN-50 did not 
significantly alter the levels of H2O2 or MDA in the A. thaliana plants (Figure 4.4). However, 
significant changes in the levels of H2O2 and MDA in plants exposed to other ENPs have been 
reported in previous studies. For example, CeO2NPs at the level of 500 mg/L dramatically 
increased H2O2 content in rice seedlings, which suggested the exposure to CeO2NPs caused 
toxicity to the treated plants (Rico et al., 2013).  In another study, a significant increase in MDA 
content was observed in A. thaliana plants exposed to CuONPs at the concentrations of 5, 10, 
and 20 mg/L (Nair and Chung, 2014). In the present study, the lack of oxidative stress and 
Chapter 4. Amine-functionalized MSNs Promote Growth and Yield in the Model Plant A. thaliana 
131 
 
membrane damage upon Am-MSN-50 exposure suggests that either these particular ENPs do 
not trigger ROS production or that the plant detoxification pathways are sufficient to tackle 
and remedy the induced stress. 
Antioxidant defense is one of the most crucial mechanisms that plants use to alleviate stress 
due to exposure to xenobiotics in the environment (Liu et al., 2017).  To further examine if the 
exposure to Am-MSN-50 resulted in oxidative stress, the activity of the four key enzymes in 
plants that provide defense against reactive oxygen species SOD, POD, CAT and APX (Dalton 
et al., 1986), was measured in the leaves of treated A. thaliana. SOD, a metal-containing 
enzyme, is capable of converting O2
•- to H2O2 and O2. In addition, CAT and APX play essential 
roles in removing excess H2O2 through breaking it down to H2O and O2. POD is another 
antioxidant enzyme that can catalyse compounds such as L-ascorbic acid and guaiacol to 
donate electrons and subsequently convert H2O2 to H2O (Ma et al., 2016a).
 The present study 
indicated that the exposure to Am-MSN-50 did not significantly increase the activity of these 
antioxidant enzymes, which suggested that Am-MSN-50 did not lead to oxidative stress in A. 
thaliana plants. This result is consistent with the previous report which demonstrated that bare 
MSNs 20 nm in size did not induce oxidative stress in wheat and lupin seedlings (Sun et al., 
2016). Similarly, another study demonstrated that SNPs were not toxic to A. thaliana plants 
when the pH of the hydroponic growth medium was adjusted from 8.0 to 5.0, or the silanol 
groups were removed from the SNP surface (Slomberg and Schoenfisch, 2012). However, 
foliar application of SNPs was found to increase the activities of SOD and POD in the leaves 
of Indocalamus barbatus McClure (Li et al., 2012). These inconsistent findings demonstrated 
that the pattern of antioxidant enzyme response is influenced by many factors including the 
ENP type, size and shape, ENP exposure concentration and plant species. Therefore, in the 
future, more intensive investigations are required to fully elucidate the antioxidant defense 
mechanism in plants exposed to ENPs.  
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Photosynthesis is an essential process which maintains the growth and dry matter production 
in plants. In this study, results indicated that the exposure to Am-MSN-50 of most 
concentrations effectively improved the leaf gas exchange parameters including Ci, gs, E, and 
PN. These findings are clearly supported by similar results of previous studies that showed the 
same positive influences following exposure to SNPs (Siddiqui and Al-Whaibi, 2014, Xie et 
al., 2012). To further understand the mechanism of enhancement brought about by exposure to 
Am-MSN-50, photosynthetic pigment contents were measured in treated plants. For most of 
the treatments, especially for Am-MSN-50 of 20 and 50 μg/mL, significant increases in levels 
of photosynthetic pigments in A. thaliana plants was observed. Chlorophyll biosynthesis is the 
end point of tetrapyrrole metabolism and the production of chlorophyll is readily influenced by 
short-term environmental changes (Wang and Grimm, 2015). In our research group previous 
study, using the technique of scanning electron microscopy equipped with energy dispersive 
spectroscopy (SEM-EDS), Sun et al. (2016) found that the content of silicon in the leaves of 
wheat and lupin significantly increased after these plants grew in nutrient solution supplement 
with various concentrations of MSNs with 20 nm diameter. Therefore, I thought that the silicon 
derived from the Am-MSN-50 had important roles in the synthesis of intracellular organic 
compounds and for maintaining normal biochemical functions. More importantly, Am-MSN-
50 greatly promoted the content of Chl a, a chemically active pigment, which participates in 
the photochemical reaction. Carotenoids are accessory light harvesting pigments which absorb 
and transfer light energy to chlorophyll molecules and are essential for assembling the light 
harvesting complex and for protecting the photosynthetic apparatus from photo-oxidative 
damage (Pradhan et al., 2013). In the current study, carotenoid content was enhanced upon 
Am-MSN-50 treatment. It is clear that the increased photosynthetic activity in plants exposed 
to Am-MSN-50 lead directly to an increase in biomass accumulation.  
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Hill reaction evaluation of electron transfer indicates the functional integrity of photosystem II 
and electron transfer efficiency, and thus is useful for determining plant photosynthetic 
capability (Song et al., 2014). In this study, Am-MSN-50 treatment increased the rate of oxygen 
evolution and the Hill reaction rate, and the two treatments of both 20 and 50 μg/mL were 
found to be more effective compared with other treatment groups. These results were consistent 
with the previous study that examined wheat and lupin (Sun et al., 2016). It has also been 
reported that SNPs increased both chlorophyll content and net photosynthetic rate in squash (C. 
pepo L.) (Siddiqui and Al-Whaibi, 2014). Further, the electron receptor NADP was used to 
monitor the Am-MSN-50 mode of action in the reaction centre of PS I since its reduction results 
in more efficient electron transport from one photosystem to another. I used an NADP reduction 
assay to show that Am-MSN-50 increased the efficiency of electron transport chain in contrast 
to the untreated controls. Furthermore, the activity of ATPase was increased by treatment of 
plants with Am-MSN-50. ATP production is crucial for carbon assimilation during 
photosynthesis, and thus the activity of the ETC is tightly linked to the photophosphorylation 
of ADP to form ATP. According to the above findings I propose that Am-MSN-50 amplify 
photosynthetic capacity by increasing light energy capture and through enhanced electron 
transport rates in the reaction centres of the photosystems increased oxygen evolution of the 
chloroplasts of A. thaliana plants. 
The expression levels of eight genes involved in the synthesis of chlorophyll and carotenoids 
were examined by using quantitative RT-PCR.  Significant up-regulation of most of the tested 
genes was observed in plants exposed to Am-MSN-50 of various concentrations, which likely 
led to the increase in content in leaves of several of the photosynthetic pigments. Previous 
studies have also shown that the application of silica significantly enhanced the expression of 
chlorophyll biosynthesis and degradation related genes such as HemD and PsbY in seedlings 
of rice (Song et al., 2014) . Consequently, these physiological and molecular modulations might 
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be responsible for ultimate improved seed yield. Overall, these results show that the 
physiological and molecular changes in A. thaliana seedlings brought about by their exposure 
to Am-MSN-50 are responsible for the observed increases in plant growth and seed yield.    
4.6 Conclusion 
In this study, I synthesized plain and amine functionalized MSNs (Am-MSN-50) and evaluated 
the influences of these functionalized NPs on the growth and development of A. thaliana plants 
through their entire life cycle. Results indicated that, at the tested concentrations, these Am-
MSN-50 improved seed germination and biomass accumulation, up-regulated photosynthetic 
pigment synthesis related genes, augmented photosynthesis, and finally promoted increased 
seed yield in A. thaliana plants without causing oxidative stress or cell membrane damage. 
This study demonstrated that, at effective dosages, Am-MSN-50 were found to be biosafe in a 
plant model system. Therefore, Am-MSN-50 would be a novel potential delivery system to 
introduce agrochemicals into plants in a controllable release fashion as well as to improve plant 
growth and development.
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Chapter 5. MSNs as a Smart and Controlled Delivery 
System of Resistance Inducers to Control Phytophthora 
Disease in Ananas comosus (pineapple) 
5.1 Abstract 
In this study, the effect of four agrochemicals, also known as resistance inducers on disease 
caused by Phytophthora cinnamomi was investigated in vitro, and in vivo initially using lupin, 
a susceptible model plant. Among the four resistance inducers, 1.0 mM salicylic acid (SA) and 
1 mg/mL phosphite (Phi) was found most effective in inhibiting mycelial growth in Petri plates. 
In planta, lupin pretreated with 0.5 mM SA showed effective resistance against P. cinnamomi 
with restricted lesions. At the same time, mesoporous silica nanoparticles (MSNs) with particle 
size around 20 nm and pore size about 3.0 nm were synthesized and functionalized for loading 
cargoes. The plant hormones methyl jasmonate (MeJA) and SA, were the cargoes used for 
loading inside the mesopores of MSNs. Then decanethiol gatekeepers were introduced to the 
surface of MSNs via GSH-cleavable disulfide linkages to cover the pore entrance, which was 
confirmed using Raman spectroscopy and nitrogen sorption isotherm analyses. The loading 
efficiencies of MeJA and SA in MSNs capped with gatekeepers was 10.3 % and 11.7 %, while 
they were lower in bare MSNs (4.7% for MeJA and 8.0% for SA, respectively). In addition, 
the in vitro release profile of MeJA and SA from gatekeeper capped MSNs indicated that higher 
concentration of GSH resulted in more cargo release compared to a low concentration of GSH. 
Moreover, the experiments in planta showed that, the application of MSNs as a resistance 
inducer delivery system significantly improved pineapple resistance to P. cinnamomi in terms 
of inhibition lesion development and improvement in infected root growth, compared to the 
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use of free SA and bare MSNs. The analysis of SA, GSH and defense-related genes of PR1 and 
PR5 further confirmed that the slow and prolonged release of SA from MSNs inside the roots 
of pineapple plants was achieved through a redox-stimuli release mechanism. Herein, I report 
that an MSN-based delivery system could be applied for effective plant disease control. In this 
study, the application of MSNs with redox-responsive gatekeepers has potential as an efficient 
sustained-release delivery system. 
5.2 Introduction 
Phytophthora cinnamomi, a plant pathogen with a world-wide distribution, infects thousands 
of species including trees, woody shrubs and herbs (Cahill et al., 2008, Allardyce et al., 2012). 
P. cinnamomi invades roots and grows inside root system and causes root rotting, which 
impedes water uptake and transport to the shoot, finally leading to plant wilting and chlorosis 
of the foliage (Hardham and Blackman, 2018). The long-term survival ability of the pathogen 
is attributed to the fact that it can grow symptomlessly in infected plants or saprophytically in 
the soil, which makes complete eradication of the disease extremely difficult (Jung et al., 2013). 
Currently, P. cinnamomi causes devastating plant disease in areas with a Mediterranean climate 
including parts of the United States, Australia, Mexico and the Iberian Peninsula (Burgess et 
al., 2017). The pathogen not only causes considerable economic losses in agriculture, 
horticulture and forestry but also leads to disastrous consequences for biodiversity and natural 
ecosystems.  
Pineapple (Ananas comosus L.) is the third most important fruit crop in the tropical and 
subtropical regions of the world, only preceded by banana and citrus (Lu et al., 2014a). 
However, heart and root rot disease of pineapple caused by P. cinnamomi results in serious 
losses and greatly limits the development of the pineapple industry in a number of countries 
(Anderson et al., 2012). Compared to other crops, pineapple leaf and canopy transpiration rates 
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are very low and this easily leads to the accumulation of water in the topsoil especially when 
planted in high density, which tends to aggravate the Phytophthora problem. Moreover, new 
roots of pineapple are highly susceptible to root pathogens such as P. cinnamomi (Rohrbach 
and Johnson, 2003). Approaches to alleviate the damage of P. cinnamomi in pineapple include 
growing the plants in aerated raised and well drained beds, and supplement soil with elemental 
sulphur which reduces the soil pH below 3.8. However, sulphur may cause adverse effects on 
plant nutrition as the low pH value inhibits the absorption of important nutrient elements such 
as potassium, magnesium and calcium (Anderson et al., 2012). 
Nowadays, no effective method is found to eradicate P. cinnamomi without destroying the 
infected plants. Most of the current control measures aim to reduce the spread of the pathogen 
and to improve plant defense via cultural or chemical methods (Gunning et al., 2013). Plant 
resistance to potential pathogens closely depends on the phytohormone signalling pathways 
which are mostly regulated by salicylic acid (SA) and jasmonic acid (JA)/ethylene (ET) 
(Eshraghi et al., 2014). Typically, the SA signaling is needed for developing the local and 
systemic acquired resistance (SAR) to many hemibiotrophic and biotrophic pathogens while 
the JA/ET signaling is usually involved against different necrotrophic pathogens (Mollahossein, 
2015). Once pathogen invasion occurs, SAR may trigger a systemic defense reaction such as 
the strengthening of cell walls, phytoalexins and the production of pathogenesis-related (PR) 
proteins, thus protecting plant against further pathogen colonization (Palmer et al., 2017).  
Studies have shown that the exogenous application of a number of compounds that act as 
resistance inducers or ‘primers’ including SA may induce plant defense including broad-
spectrum SAR for long lasting immunity. For example, foliar spray and root irrigation of SA 
increased tomato plant resistance against Fusarium oxysporum f. sp. Lycopersici (Fol), and 
greatly reduced leaf yellowing wilting and vascular browning (Mandal et al., 2009). Methyl 
jasmonate (MeJA), a derivative of jasmonic acid (JA), is also well recognized to be associated 
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with regulating plant defense systems against many pathogens and the exogenous application 
of MeJA can enhance disease resistance in many plant species (Besson et al., 2018). Phosphite 
(Phi), an analogue of phosphate (Pi), is fungicidal at high concentrations in plant roots and the 
exogenous application of this systemic chemical can reduce disease caused by P. cinnamomi 
(Gunning et al., 2013). One study found that Phi could improve Arabidopsis plant resistance to 
P. cinnamomi through stimulating auxin and Pi starvation response pathways (Eshraghi et al., 
2014). Also, the exogenous application of Phi could effectively control disease caused by P. 
cinnamomi in crops of chestnut (Dal Maso et al., 2017) and avocado (McLeod et al., 2018). In 
addition, the non-protein amino acid DL-β-amino-butyric acid (BABA) is found to be able 
stimulate broad-spectrum resistance to both biotrophic and necrotrophic pathogens in the plant 
through inducing priming of SA-dependent and SA-independent defense mechanisms (Luna et 
al., 2014).  
The effects of these resistance inducers are greatly limited when conventionally used since a 
large amount of the chemicals cannot be introduced into crops due to the low uptake rate and 
cost. Moreover, resistance inducers tend to be decomposed or removed by climatic factors 
under complicated natural environment before they are absorbed into crops (Mukhopadhyay, 
2014). Recently, the rapid development of nanotechnology has offered new methods for 
solving this issue. Among all the ENPs, MSNs are especially attractive as a novel biomolecule 
carrier because of their unique properties. The application of MSNs as controlled drug delivery 
system to import anticancer drugs into various mammalian cells and tissues has been widely 
reported (Li et al., 2016c, Freitas et al., 2017, Khosravian et al., 2018). In another study, MSNs 
were applied for the encapsulation of 2,4-D sodium salt. The controlled release of the herbicide 
was achieved and MSN-based system greatly reduced the soil leaching of the entrapped 
chemical (Cao et al., 2017). Recently, MSNs were employed to load the phytohormone of 
abscisic acid (ABA) and then the mesopores were capped with decanethiol gatekeepers. The 
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controlled release of the imported ABA was obtained in the presence of GSH redox stimuli 
(Sun et al., 2018). However, till now the application of MSNs as a controlled delivery vehicle 
for importing resistance inducers to control plant disease is not yet to be reported. 
To achieve the aim of controlled release of the entrapped cargoes, the concept of gatekeepers 
was conceived. The gatekeepers should be able to seal the loaded molecules inside the 
mesopores and prevent them from premature leakage. Meanwhile, the controlled release is 
achieved within an organism through gating device response to specific stimuli (Deodhar et al., 
2017). Currently, a series of stimuli sensitive functional groups are used as gatekeepers and 
various environmental stimuli are employed as trigger factors to achieve on-demand release 
(Fernando et al., 2015, Hu et al., 2017, Kumar et al., 2017). Among all the stimuli, redox-
responsive gatekeepers are much more attractive since the endogenous reductants such as 
glutathione (GSH), a key thiol-containing tripeptidein in cells, can be applied to remove 
gatekeepers without extra exogenous agents (Yi et al., 2015). Moreover, the significant 
variation of GSH level in both intra and extra cellular environments can be utilized to adjust 
the release rate of imported cargoes (Moreira et al., 2016). For instance, an anticancer drug was 
loaded into MSNs and then a therapeutic peptide shell was employed to cap the mesopores. 
The controlled release of the imported drug was obtained when GSH at high levels cleaved the 
disulfide bonds between gatekeepers and MSNs (Xiao et al., 2016). However, the application 
of MSN-mediated delivery system with redox-responsive gatekeepers for the control of plant 
disease has not been reported.  
In this study, the resistance to P. cinnamomi of pineapple and lupin plants following pre-
inoculation application of four resistance inducers or ‘primers’, SA, MeJA, Phi and BABA was 
tested in vitro. Monodispersed MSNs with a particle size around 20 nm and pore size of 
approximately 3.0 nm were synthesized and functionalized. Decanethiol gatekeepers were 
modified to the surface of MSNs via GSH-cleavable disulfide linkages and this was confirmed 
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through Raman spectroscopy and nitrogen sorption isotherm analyses. MeJA and SA were 
utilized to determine the loading efficiency and in vitro release pattern in the presence of 
different levels of GSH. Finally, SA was imported into pineapple plantlets using MSN-
mediated delivery system with redox-responsive gatekeepers. The efficiency of this novel 
delivery system for the control of plant disease caused by P. cinnamomi was evaluated through 
the analysis of different parameters related to the infected root growth and development. In 
addition, the contents of SA and GSH in tested plants were measured. In particular, the 
expression of pathogen defense related genes of PR1 and PR5 in the treated roots were 
examined and qualified. We herein report that MSN-mediated delivery system with redox-
responsive gatekeepers greatly enhances resistance inducers ability to control plant disease. 
Hence, the study demonstrates the potential application of MSNs in agriculture. 
5.3 Materials and methods 
5.3.1 Growth and maintenance of experimental plants 
5.3.1.1 Lupin 
Lupin [Lupinus angustifolius var. Wonga] seeds were purchased from Greenpatch Organic 
Seeds (Taree, New South Wales, Australia). Firstly, lupin seeds were submerged in distilled 
water for 5 h, then they were sterilized for 2 min with sodium hypochlorite (1%, v/v) , followed 
by rinsing with tap water for 5 min to remove the extra disinfectant. Next, the seeds were placed 
in a tray on multi-layer of paper towel, which was moistened with distilled water. The tray was 
then covered with aluminum foil and incubated at 22 °C in the dark in a temperature controlled 
growth chamber (Thermoline, Coburg North, Australia). After 2 d, germinated seeds with a 
uniform radical length of about 0.5 cm were selected for placing in a soil-free plant growth 
system (SPS) according to Gunning and Cahill (2009). Specifically, seeds were placed onto 
pre-wet cotton squares (Swisspers, McPherson’s Consumer Products, Australia)), which were 
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positioned on the top of the flat back panel with moist filter paper, then covered with the front 
panel and affixed with a fold back clip (Tudor brand, PaperlinX, Preston, Australia). The space 
between the two panels allowed developing roots to grow and vertically down. Then the panels 
were put into the container with a holding rack placed on top (Figure 5.1). Nutrient solution 
(Total Horticultural Concentrate; Excel Distributors, Reservoir, Australia) was poured into the 
holding container and consisted of 1L of dH2O with 1 mL of each advanced hydroponic nutrient 
solution A and B (Total horticultural concentrate, Excel distributors, Reservoir, VIC, Australia). 
The SPS with lupin was then transferred into the growth chamber at 22 °C with16/8 h 
photoperiod at 250-300 μmol m-2s-1. The filter paper and the nutrient solution were replaced at 
5-day intervals. 
 
               
Figure 5.1 Lupin plants grown in SPS. (A) Germinated seeds were placed in between two 
panels. (B) Five-day-old lupin seedlings grown in SPS. Scale bars = 2 cm 
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5.3.1.2 Pineapple propagation and seedling preparation 
Seedlings of pineapple (Ananas comosus cv. ‘MD-2’) were propagated using a leaf-bud method 
(Figure 5.2). In general, an active bud may grow into a pineapple seedling. During the 
propagation process, the photosynthesizing leaf attached to the bud provides the seedling with 
nutrition. The pineapple crowns were kindly provided by Mr. Col Scott (Tropical Pines Pty 
Ltd., Queensland, Australia). In brief, a single leaf with an axillary bud (leaf-bud) at the base 
was carefully dissected from pineapple crowns (Figure 5.2A). The leaf-bud cuttings were 
submerged in a 0.1% potassium permanganate solution for 1 h. Then the cuttings were rinsed 
by tap water at least 5 min and put on the bench to let them air dry. After that, the cuttings were 
planted in forty multi-cell pots (34.5cm×21.5cm×8.5cm) filled with sterilized medium (sand: 
peat, 50:50). They were kept in a temperature controlled growth cabinet maintaining 
temperature at 25°C with 16/8 h photoperiod at 250-300 μmol m-2s-1.  Water was sprayed every 
other day and 500 mL water was added into the container twice each week to keep the growth 
media wet. In addition, nutrient solution (Total Horticultural Concentrate; Excel Distributors, 
Reservoir, Australia) was applied once a week following the manufacturer’s recommendations. 
The buds developed into plantlets in 2-3 months post planting (MPP). After plantlets emerged 
and grew to about 6 cm height, they were carefully detached from the joint leaves and 
transplanted into soil (Debco® Premium potting mix, Debco, Victoria, Australia), with 1 plant 
per pot (6 cm diameter), then returned to the above growth conditions. Water and nutrient 
solution were supplied regularly.  
At 3.5-4 MPP, the seedlings about 10 cm in length were removed from soil and rinsed by tap 
water. All the primary roots were cut. Then the seedlings without roots were transferred to SPS 
to develop new clean roots for pathogen inoculation. 
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Figure 5.2 Pineapple seedling propagation using leaf-bud method. (A) Leaf-bud cuttings. (B) 
Leaf-bud cuttings were planted in media. (C) Plantlet production of leaf bud cuttings at 2 
months MPP. (D) Detached seedlings were transferred to soil at 2 MPP. (E) Seedlings grow in 
soil at 3.5 MPP. (F) Seedlings grow new roots in SPS. 
 
5.3.2 P. cinnamomi preparation  
5.3.2.1 P. cinnamomi culture maintenance  
The P. cinnamomi A2 isolate used was from the Deakin University culture collection and was 
originally isolated from Xanthorrhoea australis (Anglesea, Victory, Australia).The DU-67 
isolate was confirmed as P. cinnamomi A2 by morphological identification and RFLP analysis 
(Drenth et al. 2006). The isolate was maintained on 10 % clarified V8 (CV) agar medium at 
24 °C in the dark and subcultured every 7 d. The 10% CV medium contained: V8 juice 
(Campbells Soups, New South Wales, Australia) 100 mL/L, calcium carbonate 1 g/L and (w/v) 
bacteriological agar 15 g/L. Calcium carbonate was added into V8 juice and was stirred for 2 
h.  The mixture was centrifuged at 2,900 for 5 min, followed by filtration (Whatman No. 1 
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filter paper). Five percent of CV liquid broth was obtained in the same way except that only 5% 
(v/v) V8 juice was supplied without agar.  
5.3.2.2 P. cinnamomi zoospore production  
Zoospores were obtained according to the method of (Byrt and Grant, 1979). Specifically, a 38 
mm2 mycelium plug of P. cinnamomi was placed on a sterile Petri dish (90 mm in diameter) 
containing 10 % CV8 agar medium and then incubated at 24° for 3 d in the dark (Appendix 
1A). Seven agar plugs were taken from edge on the edge of the medium using a 0.7 cm cork 
borer and were transferred onto a sterilized miracloth disc placed on the surface of the 10 % 
CV8 agar medium, followed by incubation at 24° for 5 d in the dark (Appendix 1B). A 
minimum of four such Petri dishes were prepared for each round of plant inoculations. The disc 
was then taken out from the Petri dish and placed into a sterilized conical flask containing 100 
mL 5% CV8 broth. The flask was sealed (Appendix 1C) and transferred onto an orbital shaker 
at 110 rpm at 24°C under fluorescent light. After 16-24 h incubation, the broth was poured out 
and the disc was washed three times with 100 mL of mineral salts solution (MSS) every 15 min 
to form sporangia (Appendix 1D). The flasks were incubated for 20-24 h at the same condition 
described as above. After incubation, the disc was washed with 50 mL of MSS for 15 min and 
put into a sterile Petri dish. The disc was rinsed with 20 mL pre-chilled sdH2O and further 20 
mL sdH2O was poured into the Petri dish (Appendix 1E). Subsequently, the Petri dish was 
incubated at 4°C for 1 h and then returned to room temperature for zoospore release from 
sporangium of the pathogen (Appendix 1F). Prior to use, the density of zoospores was adjusted 
to 1×105 spores/mL. 
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5.3.3 Effect of resistance inducers on P. cinnamomi infection of lupin roots 
5.3.3.1 In vitro  
The effect of four resistance inducers on the growth of P. cinnamomi growth was investigated. 
The resistance inducers tested in the study were SA, MeJA, Phi and DL-3-aminobutyric acid 
(BABA). In this study, ‘Throw Down’ systemic fungicide was purchase as the source of Phi 
(YaraNipro Pty Ltd, Queensland, Australia),  with the active content  of 400 g/L phosphorous 
acid (H3PO3), presenting as mono (KH2PO3) and di-potassium phosphite (K2HPO3). Resistance 
inducers with different concentrations except MeJA were added to 10 % CV8 agar medium 
and adjust pH to 7.0 prior to autoclave. MeJA was sterilized through a 0.2 µm Syringe Filter 
and added to 10 % CV8 agar medium after autoclaving (pH adjusted to 7.0). All the medium 
mixed with resistance inducers were dispensed into Petri dishes (90 mm in diameter) at 25 mL 
per plate.  
To determine the effect of resistance inducers on the mycelial growth of P. cinnamomi, the 
plates were inoculated centrally with a single 0.7 cm-in-diameter plug of pathogen culture (3 d 
old). Inoculated plates with pathogen without resistance inducers supplement were served as 
control. All the plates were incubated at 24 °C in a dark. Three replicates per treatment were 
used and the experiments were repeated three times. Radial growth of mycelia was obtained, 
by measuring the diameter of the colony using a 200 mm ruler until the control plates were 
completely occupied by mycelium at day 6. Finally, images of plates were captured by a 
scanner (Epson Perfection V700 photo scanner). Inhibition rate of mycelial growth was 
calculated according to a formula: 
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                                                                   (Dc-Dp)– (Dt-Dp) 
 Inhibition rate of mycelial growth (%) =                                    ×100% 
                                                                         Dc-Dp 
 
Where Dc (cm) = diameter of the mycelial growth in control and Dt (cm) = diameter of the 
mycelial growth in treatments. Dp (mm) = diameter of the mycelial plug.  
5.3.3.2 In vivo 
To investigate the effect of resistance inducers on P. cinnamomi of plants, Lupin, a susceptible 
model species to this pathogen, was employed.  Different concentrations of SA (0.1, 0.5, 1.0, 
5mM), MeJA (0.1, 1.0, 10, 100 µM), Phi (0.01, 0.1, 1, 10 mg/mL) and BABA (0.01, 0.1, 1, 10 
mg/mL) were prepared using sterile distilled water (sdH2O). For SA and MeJA, they were 
dissolved in a small volume of absolute ethanol first, then added with sdH2O to the desired 
concentration. 
Five-day-old lupin seedlings were sprayed using a hand spray bottle (10 mL), with three sprays 
for both sides of each leaf. After 2 d, each root was inoculated with a 20 µL drop of zoospore 
suspension (1 × 105 spores/mL), placed 5 mm behind the root tip. Each treatment consisted of 
12 seedlings and the experiment was repeated three times. Untreated plants served as control. 
At 6 d post inoculation (dpi), root growth and lesion length were recorded, along with the 
incidence of P. cinnamomi and the number of lateral root formed. The disease symptom 
appeared as discoloured water-soaked lesion at the infection area which later enlarged.  Disease 
severity was graded from 0 to 5 according to lesion length. 0, no visible symptoms; 1, mild, 
lesion length on ˂20% of the root length; 2, mild to moderate, lesion length on 20-30 % of the 
root length; 3, moderate, lesion length on 30-40% of the root length; 4, moderate to severe, 
lesion length on 40-50% of the root length; 5, severe, lesion length on >50% of the root length.  
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5.3.4 Synthesis of MSNs as a plant disease targeting delivery system 
5.3.4.1 Design of MSNs for agrochemical loading  
Size of NPs is one of the most important properties related to uptake by plants through the cell 
wall structure when they are applied to plants (Dietz and Herth, 2011). In the previous studies, 
our research group found that MSNs with a particle size around 20 nm showed high loading 
capacity of small molecules such as SA and ABA, and good uptake efficiency by plants (Yi et 
al., 2015, Sun et al., 2018).  So, in order to deliver resistance inducers into plants, MSNs of 20 
nm diameter was chosen as the delivery system in the present study. These small NPs with 
mesopores have high surface area and pore volume with challenging modification requirements 
for loading agrochemicals such as resistance inducers. To avoid functionalization inside the 
mesopores, a localized modification strategy was employed (Yi et al., 2015). As illustrated in 
Figure 5.3, MPTMS was first added into the solution of CTAB-MSNs to introduce -SH groups 
onto the MSNs. Due to the CTAB template inside the mesopores, these -SH groups were only 
localized on the external surface of particles (step 1 and 2). After CTAB removal, the 
mesopores of the NPs remained as reservoirs to load agrochemicals (step 3). To prevent the 
agrochemicals from premature leakage and control release of cargoes inside the plants, 
gatekeeper molecules were introduced to this system. In this study, decanethiol was introduced 
to react with -SH groups on MSNs and to form disulfide bonds. The decanethiol has a short 
alkyl chain of only about 2 nm in length, which does not significantly change the particle 
morphology. However, the disulfide-linked gatekeepers easily capped the mesopore entrance 
of MSNs and prevented the release of the agrochemicals (step 4). The resulting disulfide 
linkages between the MSNs and the decanethiol can be cleaved with various disulfide-reducing 
agents, such as glutathione (GSH), dithiothreitol (DTT) and mercaptoethanol (ME). In this 
research, GSH was used to trigger a controlled release of agrochemicals loaded in MSNs (step 
5). 
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Figure 5.3 Schematic of redox-responsive gatekeeper capped MSNs as a plant disease targeting 
delivery system (Yi et al., 2015). 
 
5.3.4.2 Synthesis of thiol group functionalized MSNs  
The MSNs with 20 nm particle size were synthesized as described above Section 2.3.2, and 
contained the template CTAB inside the mesopores to incorporate the thiol groups (-SH) only 
at the entrance of pores. These MSNs were designated as CTAB-MSNs.   
To link redox-responsive short-chain gatekeepers, thiol groups were first introduced and only 
attached at the pore entrance of particles which contain the template of CTAB. The synthesis 
procedure was performed according to Yi et al. (2015). Typically, 200 mg of CTAB-MSNs 
were suspended in 200 mL of ethanol, followed by adding 0.2 mL of (3-Mercaptopropyl) 
Chapter 5. MSNs as a Smart and Controlled Delivery System of Resistance Inducers to Control Phytophthora 
Disease in Ananas comosus (pineapple) 
149 
 
trimethoxysilane (MPTMS) into the mixture dropwise under stirring. After 1 h, two milliliter 
of Milli-Q water was added and the resulting solution was stirred 24 h at room temperature. 
Subsequently, the solution was heated to 80 ºC to stabilize the silanol groups between MSNs 
and MPTMS. The resulting powder was collected by centrifugation and washing with ethanol. 
Then the as-prepared particles were removed CTAB inside mesopores as described above 
Section 2.3.2. The final products was obtained after centrifugation, washing and drying 
according to Section 2.3.1. The thiol group functionalized MSNs was designated as MSN-SH. 
5.3.4.3 Synthesis of didecyl disulfide  
A disulphide bond between thiols were acquired through a mild oxidation reaction (Kirihara et 
al. 2007). Briefly, 2 mL of decanethiol was dispersed in 30 mL of ethyl acetate under stirring. 
Fifteen milligrams of sodium iodide (NaI) and 1.1 mL of hydrogen peroxide (H2O2, 30 wt %) 
were dissolved in the mixture, followed by stirring for 30 min at room temperature. Then the 
as-made didecyl disulphide was washed with aqueous sodium carbonate (10 wt %) three times 
to eliminate the NaI and H2O2 entirely. The final transparent oil-like product was collected by 
evaporating ethyl acetate in silica gel at room temperature. 
5.3.4.4 Assembling redox-responsive gatekeepers onto thiol group capped MSNs 
The synthesis procedure was carried out according to a previous study (Yi, 2015). Didecyl 
disulfide synthesized above was utilized to react to the thiol groups on the MSNs for formation 
of a disulfide bridge. Since the decanethiol has a short chain which is slightly larger than the 
radius of pore size, the as-formed gatekeepers could block the entrance of the mesopores to 
prevent guest molecules loss from MSNs. Briefly, 50 mg of MSN-SH was dispersed into 50 
mL of ethyl acetate. Then, 0.125 mL of didecyl disulphide was added to the mixture solution. 
After stirring for 24 h at room temperature, the resulting product was centrifuged, washed with 
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ethyl acetate and absolute ethanol three times, respectively. The sample was dried under 
vacuum. The MSN-SH capped with disulfide-linked gatekeepers was designated as MSN-G. 
5.3.4.5 Loading resistance inducers for disease control 
According preliminary experiments, two kinds of guest resistance inducers used in Section 
5.3.4 were employed as cargoes due to their organic solvent property in the study. MeJA was 
used to optimize loading efficiency into particles. SA was employed to assess plant resistance 
under disease stress.  
The cargo loading procedure was performed through a free diffusion method. For MeJA loaded 
into thiol-functionalized MSNs, firstly, MeJA was dissolved in 5 mL of absolute ethyl acetate 
(EA) to a concentration of 10-200 mg/mL. Then 100 mg of MSN-SH was added in the MeJA-
EA solution.  The mixture was sonicated for 30 min and kept in a rotating shaker at room 
temperature for 24 h, so the MeJA entered into the pores completely through free diffusion. A 
blank containing MSN-SH in EA was also prepared. Afterwards, 0.25 mL of didecyl disulfide 
was added into the above mixture to react with the thiol groups for producing gatekeepers 
‘disulfide bridges’. The reaction was continued at the same condition for another 24 h. Then 
the excessive MeJA and EA were removed by centrifugation and repeated washing with 40% 
(v/v) ethanol. Subsequently, the resulting particles were quickly frozen in liquid nitrogen to 
keep the cargos in the mesopores and then dried in a freeze dryer for 36 h. The MeJA-loaded 
MSNs with gatekeepers was designated as MSN-MeJA-G. As a control, bare MSNs were used 
to load MeJA using the same procedure except for the addition of didecyl disulfide. The sample 
was designated as MSN-MeJA. 
Similarly, for SA loaded into bare MSNs or thiol-capped MSNs, 100 mg of bare MSN-SH was 
dispersed in the SA-EA solution (20 mg/mL, 3.5 mL), while the other steps followed the above 
MeJA loading methodology. The samples were designated as MSN-SA and MSN-SA-G. 
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5.3.5 Characterization  
The morphology of MSNs after modification were observed by TEM. Surface changes and 
porosity of the NPs were analyzed by nitrogen adsorption-desorption isotherms analysis. The 
surface area and pore volume were calculated by the BET/BJH analysis, the pore size 
distributions were obtained by the BJH method. All the above characterization methods were 
described in detail in Chapter 2.  
In addition, Raman spectroscopy was also employed to check functional groups grafted on the 
NPs. Similar to FTIR, Raman is also a powerful tool to measure functional groups. Due to 
different absorption of the functional groups between FTIR and Raman, the latter is usually 
used to detect homo-nuclear molecular bonds, such as disulfide bonds in this thesis. Raman 
spectra were checked with a Raman microscope (Renishaw, United Kingdom) with laser 
wavelength of 514 nm, equipped with a confocal microscope. The powdered samples were put 
onto a glass slide wrapped by aluminum foil, which was used to remove the background signal. 
A confocal microscope was used to focus the sample plane. After spectra capturing, OPUS 
(Bruker Optik GmbH) software was used to correct baseline and smooth the spectra. 
5.3.6 MSN molecular loading efficiency  
To determine loading efficiency (LE) of resistance inducers in MSNs, the amount of free 
molecules in the supernatant during the loading procedure was collected for analysis.  
The free MeJA in the above supernatants was determined according to Pan et al. (2010) with 
minor modification, by using a Liquid chromatography-mass spectrometry (LC-MS) system 
(Agilent technologies, California, USA). Quantitative analysis of each sample in triplicate was 
performed using ChemStation software (Agilent, California, USA). Generally, the supernatant 
for analysis was taken into a fresh Eppendorf tube (1.7 mL) and the solution concentrated (not 
completely dry) using a nitrogen evaporator with nitrogen flow. The dried samples were 
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redissolved in 0.2 mL of 20% methanol, and a 20 μL volume of sample solution was injected 
into the HPLC system for analysis. The HPLC operating parameters were as follows: C18 
Gemini 5μm 110 Å (Phenomenex, California, USA) (2.00 × 150 mm); column temperature: 40 
˚C; flow rate: 0.5 mL/min; detector signal: 250 nm. The MeJA was measured using a gradient 
program (Table 5.1). The concentration of MeJA was determined according to a standard curve 
from calibration standards. 
 
Table 5.1 Gradient parameters for HPLC    
Time (min)             Flow rate (mL/min)              Mobile phase Aa (%)      Mobile phase Bb (%)       
     0                                    0.5                                       100                                      0 
     2                                    0.5                                         70                                    30 
   20                                    0.5                                           0                                  100 
   22                                    0.5                                           0                                  100 
   25                                    0.5                                         70                                    30 
a Mobile phase A: 0.1% formic acid in Milli-Q water (v/v) 
b Mobile phase B: 0.1% formic acid in methanol(v/v) 
 
The free SA was measured with a UV-Visible spectrophotometer (Cary 300; Agilent, 
California, United States) at a wavelength of 305 nm. 
The LE of MeJA and SA in the NPs were calculated the according to the equation below.   
                     Total amount of molecules added (mg) – amount of free molecules (mg) 
   LE (%) =      ×100% 
                                                 Total amount of molecules added (mg) 
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5.3.7 In vitro release assay  
Glutathione (GSH) is a biological reductant found at high levels in plants under stress, the 
cargo molecules were released from the mesopores of gatekeeper-capped MSNs due to the 
disulfide bonds formed between MSNs and gatekeepers being cleaved by GSH. Therefore, 
GSH was employed as release medium to stimulate the reduction conditions found in planta. 
In vitro the resistance inducer release was carried out using a dialysis method. Firstly, naked 
MSNs or gatekeeper-capped MSN with guest resistance inducers (3 mg) were placed in a 
dialysis tubing (Sigma; MWCO 2,000 Da, St. Louis, Missouri, USA), which was wrapped by 
a steel mesh to hold it on the top of a cuvette. Then the wrapped NPs were immersed in 3.5 mL 
water or different concentration of GSH (1, 5 and 10 mM) according to Sun et al. (2018). At 
predetermined time intervals, 0.2 mL of the solution was collected in order to measure the 
released MeJA or SA, and then the fresh corresponding release solution was immediately 
replenished to maintain the same total solution volume. MeJA or SA in the solution was 
quantified to monitor the release by using HPLC or UV-Visible spectrophotometer as described 
above Section 3.3.6. The cumulative molecule release was calculated according to the 
following equation: 
              Amount of released (µg) = Vs   ∑ Cin−1i=0  + V0Cn  
Where Vs is the sampled volume collected at a predetermined time interval (Vs = 0.2 mL); Ci 
(µg/mL) is the MeJA or SA concentration in release solution at time i; V0 is the volume of 
release solution (V0=3.5 mL); and n is the number of samples. For each resistance inducer the 
measurements were carried out in triplicate.  
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5.3.8 Treatment of pineapple with SA, MSNs, and MSN-SA-G  
Prior to treatment of plants, SA was prepared as described above. MSNs and MSNs-SA were 
dispersed in sdH2O and sonicated for at least 2 h to form a homogeneous suspension. Then the 
abaxial and adaxial leaf surfaces were sprayed until runoff with free SA (0.5 mM), MSNs (0.5 
mg/mL) or MSN-SA-G MSNs (0.5 mg/mL) containing 0.5 mM SA respectively, using a hand 
spray bottle. Control samples were conducted with an equivalent amount of sdH2O. After being 
sprayed, seedlings were allowed to dry and then returned into the growth cabinet. After 3 d, 
root tips of pineapple seedling were inoculated with a 20 µL drop of zoospore suspension (1 × 
105 spores/mL). The experimental design is illustrated in Table 5.2. Ten seedlings were used 
for each treatment and about 2~3 roots were treated per seedling. The experiment was repeated 
three times. Root samples were collected at the designated time point for direct use, or frozen 
immediately in liquid nitrogen and stored at -80 ºC until use. 
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Table 5.2 Experimental design of chemical treatment and zoospore inoculation in pineapple 
seedlings  
 
                     Treatment                       Chemicals                                Inoculation 
   
                                                      Water     Chemicals                  Water     Pathogen 
                      W-P                             √                                               √ 
                      W+P                                 √                                                                √ 
                      SA-P                                                   √                              √ 
                      SA+P                                             √                                               √ 
                      MSNs-P                                        √                              √ 
                      MSNs+P                                       √                                               √ 
                      MSN-SA-G-P                              √                              √ 
                      MSN-SA-G +P                            √                                               √ 
 
Note: W-P, water treatment without pathogen inoculation served as the non-inoculated control. W+P, 
water treatment with pathogen inoculation served as the inoculated control. SA-P, SA treatment without 
pathogen inoculation.  SA+P, SA treatment followed by pathogen inoculation. MSNs-P, particle 
treatment without pathogen inoculation. MSNs +P, particle treatment followed by pathogen inoculation.  
MSN-SA-G-P, particle treatment without pathogen inoculation. MSN-SA-G+P, particle treatment 
followed by pathogen inoculation (Gunning et al., 2013).         
                  
5.3.9 Monitoring P. cinnamomi zoospores activities in pineapple roots 
To monitor P. cinnamomi zoospore activities in pineapple roots, the terminal 1.5 cm of roots 
of seedling were excised and placed on a glass microscope slide and followed by the addition 
of 20 μL droplets of zoospores (105 /mL) directly to the root surface. The process of zoospores 
attachment and penetration of the root was visualized by using bright field microscope.   
Chapter 5. MSNs as a Smart and Controlled Delivery System of Resistance Inducers to Control Phytophthora 
Disease in Ananas comosus (pineapple) 
156 
 
5.3.10 Assessment of root growth and lesion development in inoculated plants 
After incubation, the plants were checked for root growth and visible lesions every 2 d until 6 
d after inoculation. Percentage of lesion length to root length in controls and pathogen 
inoculated plants were assessed, along with quantitation of lateral root formation. 
5.3.11 SA quantification from pineapple roots infected with P. cinnamomi 
The content of SA transported into roots was determined using LC-MS according to Pan et al. 
(2010) with minor modification. Briefly, approximately 100 mg of roots from each of 3 plants 
per treatment was frozen in liquid nitrogen in a 1.7 mL Eppendorf tube, and ground to a fine 
powder. One milliliter of extraction buffer [2-propanol/H2O/concentrated HCl (2/1/0.002, 
V/V/V)] was added. The mixture was vortexed at a speed of 100 rpm for 30 min. Then 2 mL 
of dichloromethane was added into the mixture and incubated for another 30 m in the shaker 
at a speed of 100 rpm. Afterwards samples were centrifuged at 13,000 g for 10 min and 900 
µL of the cleared liquid from the lower phase were carefully taken out and placed into a fresh 
tube. The liquid was then air dried using a nitrogen evaporator. Finally, the samples were 
redissolved in 0.1 mL of 20% methanol and filtered through a 0.45 µm syringe filter and stored 
at -80 ºC until analysis. RP-HPLC analysis was carried out as described above in section 5.3.7. 
Fifty microliter of each sample was injected into the column for analysis. The concentration of 
SA was determined according to a standard curve from SA calibration standards. Additional, 
samples were added with known amounts of internal standards to test recovery and quantitative 
accuracy. 
5.3.12 Quantification of glutathione (GSH) in pineapple roots 
In plant cells, glutathione exists in reduced and oxidized forms. In this study, the total 
glutathione (GSH+GSSG) in pineapple root was used to assess the oxidative stress after 
pathogen inoculation. The GSH content was determined using a Glutathione Assay kit (Sigma), 
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which was based on the reaction of GSH with 5, 5-dithiobis (2-nitrobenzoic acid) (DTNB). In 
brief, roots (100 mg) from each of 3 plants per treatment were frozen in liquid nitrogen in a 1.7 
mL Eppendorf tube, and then ground to a fine powder. One millilitre of chilled 6% meta-
phosphoric acid was added, the suspension vortexed vigorously and then centrifuged at 14,000 
g for 20 min at 4°C. The supernatant was transferred into a fresh tube and kept on ice in the 
dark. The total GSH in the supernatant was quantified according to the manufacturer’s 
protocols. The fluorescent product was measured at 412 nm using a microplate reader (Thermo 
Scientific Variokan) and GSH content was determined using a GSH standard curve.  
5.3.13 Resistance-related gene expression analysis in pineapple roots inoculated with P. 
cinnamomi 
5.3.13.1 RNA extraction from pineapple roots and cDNA synthesis 
Total RNA was extracted from 100 mg of pineapple root samples using Trizol (TRI Reagent®, 
Sigma). Root tissue was ground to a fine powder in liquid nitrogen and transferred into a fresh 
RNase-free centrifuge tube. One milliliter of TRIzol reagent was added and a tube was vortexed 
for 30 sec. After incubation for 10 min at room temperature, the suspension was centrifuged at 
12,000 g for 20 min at 4°C. The supernatant was collected and 0.3 mL of chloroform was added. 
The tube was shaken vigorously for 15 sec and incubated for 5 min at room temperature. The 
sample was centrifuged at 12,000 g for 10 min at 4°C. The aqueous phase was collected and 
precipitated by the addition of 0.6 mL isopropanol followed by incubation for 10 min at room 
temperature. The mixture was then centrifuged at 12,000 g for 10 min. Supernatant was 
discarded and the RNA pellet was washed with 1 mL of 75 % ethanol twice and centrifuged at 
12,000 g for 5 min at 4°C. The supernatant was decanted and the tube was inverted onto 
Kimwipe’s (Kimberly-Clarke, Milsons Point, NSW, Australia) for 10-15 min, to allow for 
residual liquid to draw off. Finally, the air dried pellet was redissolved in 20 μL of RNase-free 
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water and stored at -80°C until further use. Quantity and quality of the RNA were estimated 
using the NanoDrop spectrophotometer. To remove DNA from the extracted RNA, 
Deoxyribonuclease I, Amplification Grade (Invitrogen Life Technologies) was used according 
to the manufacturer’s instructions. 
For cDNA synthesis, a Tetro cDNA synthesis kit (Bioline, Alexandria, NSW, Australia) was 
used according to manufacturer’s instructions. Specifically, 20 μL of reaction mixture was 
prepared containing 5 µL RNA(~1 μg) , 1 μL of random hexamer, 1 μL of 10 mM dNTP mix, 
4 μL of 5 × RT buffer, 1 μL Ribosafe RNase inhibitor, 1 μL tetro reverse transcriptase and  7 
µL DEPC treated water. The mixture was vortexed and then incubated at 25°C for 10 min 
followed by 45˚C for 30 min, and the reaction was terminated by heating to 85°C for 5 min 
then cooled to 4°C in a PCR machine (Bio-Rad, Australia). The prepared cDNA samples were 
stored at -20˚C until use. 
5.3.13.2 Primer design 
DNA sequences of pathogenesis related gene of PR1 and PR5 in pineapple were kindly 
provided by Dr. Lubing Zhang from South Subtropical Crops Research Institute, Chinese 
Academy of Tropical Agricultural Sciences (China). Primers were designed using Primer3 
version 0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/). In addition, Actin served as the reference 
gene (Table 5.3). Primers were produced by GeneWorks (South Australia, Australia). 
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                               Table 5.3 Primers for genes used in the study  
 
                       Primer name               Oligonucleotide sequence (5’-3’)                                                       
            
                     PR1                            F: TGCTATGCTTTGTGCCGTGT 
                                                        R: GATGTTCCCCGGAGGGTTAT 
                     PR5                            F: GTGAAATTGGTGCCGTCGTA 
                                                        R: GCCAGTCCTGGACCTTCAAC  
                    Actin                            F: CACTGTG CAATCTACGAGGGT 
                                                        R: CACAAACGAGGGCTGGAACAAG 
                                                           
 
5.3.13.3 Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) 
 Semi-quantitative RT-PCR was conducted to evaluate the relative expression of PR1 and PR5 
with Go Taq ® green master mix (Promega, Madison, WI, USA). Preliminary experiments 
were run to optimize the PCR conditions especially the cycle number for each gene to ensure 
amplification was in the linear phase. Briefly, PCR reactions contained 10 μL GoTaq, 8 μL 
DEPC treated water, 0.5 μL F primer, 0.5 μL R Primer and 1 μL cDNA. PCR conditions 
consisted of an initial denaturing step of 3 min at 95°C, followed by 31 cycles for PR1, 36 
cycles for PR5, and 35 cycles for Actin, at 95°C for 30 sec, 62°C for 30 sec and 72°C for 30 
sec. The resulting PCR was run on a 1.8 % agarose gel stained with EtBr and visualised under 
UV. Gene band intensity in the gels was measured by using Image J software, and 
quantification for relative gene expression was estimated against the reference gene (Actin). 
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5.4 Results  
5.4.1 Response of mycelial growth of P. cinnamomi to resistance inducers in vitro  
In this study, the P. cinnamomi plugs were cultured on the 10% CV medium supplemented 
with different concentrations of SA, MeJA, Phi and BABA. The mycelial growth of P. 
cinnamomi was inhibited by all the resistance inducers to some degree, but the pathogen was 
not killed, while the mycelium in the control plate reached the edge of the plate after 6 d of 
incubation (Figure 5.4).  
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Figure 5.4 Mycelial growth of P. cinnamomi in response to different resistance inducers on 10 % 
CV agar medium at 6 d. The experiment was repeated three times with similar results. 
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SA, at the varying concentrations used, started inhibition of mycelial growth at 0.1 mM and 
reached 73.1% inhibition at 1.0 mM (Figure 5.5A). For MeJA, at the highest concentration of 
100 µM, the inhibition rate was 30.3%. At other lower concentrations, the inhibition rate was 
below 15.0 % (Figure 5.5B). Phi at the tested concentrations effectively inhibited the mycelial 
growth, the maximum inhibition rate was observed at concentration of 1 mg/mL (87.0%) 
(Figure 5.5C). Reduction of mycelial growth of Pathogen by BABA at different concentrations 
was also obtained, although the maximum inhibition rate only reached to 32.3 % at 1 mg/mL 
(Figure 5.5D). 
 
Figure 5.5 Inhibition rate of P. cinnamomi mycelial growth on 10 % CV agar medium treated 
by SA (A), MeJA (B), Phi (C) and BABA (D). Data represent the mean ± SD of triplicate 
experiments (n=3). Statistical significance was determined using a one-way ANOVA test (**p 
< 0.01 and *p < 0.05) compared with controls. 
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5.4.2 Effect of resistance inducers on lupin inoculated by P. cinnamomi 
No symptoms were observed for non-inoculated control plants (Table 5.4), and neither were 
they recorded in those treated with resistance inducers without pathogen inoculation (Data not 
shown). Root infection symptoms were assessed in inoculated plants after 6 dpi (Appendix 2). 
Inoculated control roots exhibited the most serious disease symptoms which were present as 
water-soaked, discoloured, long spreading lesions. In this study, SA proved to be more 
effective against the P. cinnamomi and promoted root growth at the concentration of 0.5 and 
1.0 mM after inoculation, showing restricted infection with more lateral root formation (Table 
5.4A). Moreover, the lesion length of the roots treated with SA at the concentration of 0.5, 1.0 
and 5 mM was significantly restricted, and the percentage of lesion length to root length also 
decreased significantly. MeJA at the concentration of 10.0 µM was effective against lesion 
development and reduced the disease severity (Table 5.4B). Phi, at the highest concentration 
of 1.0 and 10.0 g/L, alleviated the disease symptoms and, significantly reduced lesion length 
and the percentage of lesion length to the root length (Table 5.4C). The presence of BABA was 
less effective against the pathogen, and the effect was not concentration dependent. BABA at 
the highest concentration of 0.1 and 1.0 g/L, root length and the percentage of lesion length to 
the root length declined significantly when compared to the inoculated control (Table 5.4D). 
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Table 5.4 Effect of treatments with resistance inducers on lupin roots inoculated by P. 
cinnamomi at 6 dpi 
A 
  SA         Disease severity grade    Root length   Lesion length      LL/RL       Lateral root formation* 
(mM)       and symptom                     (cm)                (cm)                (%)    
CK1             0                                  17.8 ± 0.9                -                     -                         High  
CK2             5, spreading                12.2 ± 0.9bc      6.7 ± 0.5a      55.2 ± 4.7a               Medium  
  0.1             4, spreading                13.3 ± 1.2ab      6.4 ± 0.4a      48.1 ± 1.8b               Low  
  0.5             1, spot infection**       14.5 ± 1.3a        1.3 ± 0.1c        8.7 ± 0.5d               High  
  1.0             1, restricted                 13.1 ± 2.0abc    1.8 ± 0.2c      13.6 ± 1.3c               Medium  
  5.0             4, restricted                 11.3 ± 1.7c        5.2 ± 0.6b      46.1 ± 2.3b              Medium  
B 
MeJA      Disease severity grade    Root length   Lesion length      LL/RL         Lateral root formation* 
(µM)        and symptom                      (cm)                (cm)                (%)  
CK2           5, spreading                  12.2 ± 0.9        6.7 ± 0.5a       55.2 ± 4.7a                Medium  
0.1             4, spreading                  12.6 ± 1.4        5.5 ± 0.8bc     43.3 ± 4.0cd              Low  
1.0             4, spreading                  12.2 ± 1.3        5.8 ± 0.6b       47.6 ± 2.8bc              Medium  
10.0           3, restricted                   12.4 ± 2.5        4.8 ± 0.6c       39.1 ± 0.8d                Medium  
100.0         4, spreading                  12.0 ± 0.9        6.1 ± 0.9ab     50.6 ± 5.1ab              No 
C 
Phi          Disease severity grade    Root length   Lesion length      LL/RL         Lateral root formation* 
(g/L)        and symptom                     (cm)                (cm)                (%) 
CK2           5, spreading                 12.2 ± 0.9        6.7 ± 0.5a        55.2 ± 4.7a                 Medium                                     
0.01           5, spreading                 11.8 ± 1.2        6.4 ± 0.5a        54.2 ± 3.6a                 Low  
0.1             5, spreading                 12.4 ± 1.2        6.5 ± 0.5a        52.9 ± 4.1a                 Medium  
1.0             4, spreading                 12.0 ± 1.0        5.7 ± 0.6b        47.9 ± 1.3b                 Medium  
10.0           3, spreading                 12.1 ± 1.1        3.8 ± 0.2c        31.2 ± 1.4c                  Low  
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D 
BABA     Disease severity grade    Root length   Lesion length      LL/RL          Lateral root formation*       
(g/L)        and symptom                       (cm)                (cm)                (%) 
CK2           5, spreading                 12.2 ± 0.9          6.7 ± 0.5a        55.2 ± 4.7a                Medium                                      
0.01           5, spreading                 12.1 ± 0.2     6.2 ± 0.7ab      51.6 ± 5.2a                Low  
0.1             4, spreading                 11.7 ± 1.1          5.4 ± 0.5cd      46.3 ± 2.6bc              High  
1.0             4, spreading                 11.1 ± 0.6          4.8 ± 0.3d        43.0 ± 2.5c                Medium  
10.0           5, spreading                 11.4 ± 1.0          5.7 ± 0.5bc      50.2 ± 3.4ab              Low  
Note: CK1(Non-inoculated control), CK2 (Inoculated control), LL/RL   (Root length/ Lesion length). 
Data represent the mean ± SD of triplicate experiments (n=12). Different letters in each column indicate 
statistical differences (P <0.05, according to Duncan's test). 
* Numbers of lateral roots formed at 6dpi. Low, numbers of lateral roots ˂ 5; medium, numbers of lateral 
roots 5-10; high, numbers of lateral roots >10                                
**lesion is restricted two sides of innoculation spot.      
 
5.4.3 Morphology and physico-chemical properties of MSNs  
In order to develop a redox-responsive MSNs delivery system, MSNs about 20 nm diameter 
(MSN-20) were synthesized and functionalized with thiol groups, then further capped with a 
gatekeeper via disulfide-linkages of MSNs. The properties of the MSNs and modified MSNs 
were compared. The morphologies and sizes of the naked MSNs and functionalized MSN were 
characterized by TEM. As shown in Figure 5.6, after being functionalized with -SH groups, 
the particles did not change significantly and still with a mean diameter of approximately 20 
nm, compared to bare MSN-20 (Figure 2.1A). They still kept the similar particle size and shape, 
and the mesoporous structure inside the NPs still could be clearly observed from the image 
(Figure 5.6).  
 
Chapter 5. MSNs as a Smart and Controlled Delivery System of Resistance Inducers to Control Phytophthora 
Disease in Ananas comosus (pineapple) 
166 
 
 
Figure 5.6 TEM images of MSN-SH. The inset figure showed the particles had the porous 
structures under high magnification (white dots pointed by the white arrows). 
 
The mesoporosity of NPs was also confirmed by nitrogen sorption isotherms (Figure 5.7A). 
All the samples exhibited a type IV isotherm, accompanied by the H3 hysteresis loop. 
Compared with bare MSNs, the total amount of absorbed nitrogen at relative pressure of 0.99 
all decreased due to the pore occupation (Figure 5.7B).  
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                                                                            (A) 
                   
                                                                        (B) 
Figure 5.7 N2 adsorption-desorption isotherms analysis of MSNs and SA-loaded MSNs. N2 
adsorption-desorption isotherms (A) and Total absorbed nitrogen gas at relative pressure of 
0.99 (B).  
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After being functionalized, the surface area and pore volume of MSN-SH calculated by the 
BET/BJH method decreased from 616.2 m2/g for MSN-20 to 397.4 m2/g, and from 0.369 cm3/g 
to 0.257 cm3/g, respectively (Table 5.5), while the pore diameter calculated by the BJH method 
also decreased from 3nm for MSNs to 2.7 nm. The significant decrease in surface area is due 
to occupation by -SH groups. However, the pore volume and pore diameter did not decrease 
dramatically, which means this occupation did not obviously affect the pore space, providing 
effective loading capacity for hosting a guest cargo. In addition, the pore volume of SA-loaded 
MSN with or without gatekeepers decreased dramatically, which means the pores were 
occupied by SA. Particularly, the pore size of MSN-SA-G could not be detected, also 
confirming the pores were completely filled with SA (Table 5.5).  
 
  Table 5.5 Surface area, pore volume and pore diameter of different particle types 
    Samples                   Surface area (m2/g)          Pore volume (cm3/g)       Pore diameter (nm)    
     MSN-20                     616.2 ± 0.9                         0.369 ± 0.008                   3.0 ± 0.2                                                   
     MSN-SH                    397.4 ± 4.2                         0.257 ± 0.005                   2.7 ± 0.3 
     MSN-SA                    302.4 ± 6.5                         0.121 ± 0.001                   2.2 ± 0.1 
     MSN-SA-G               333.8 ± 2.5                         0.057 ± 0.001                          - 
Note: Data represent the mean ± SD of triplicate experiments. 
 
5.4.5 Raman spectra of modified MSNs to distinguish functional groups  
The successful surface functionalization by -SH groups was confirmed by Raman spectroscopy 
characterization. As shown in Figure 5.8, the thiol group of MPTMS showed a distinctive 
Raman peak at around 2580 cm-1, while the silanol groups on the surface of silica (Si-OH) 
possessed a characteristic stretching vibration at around 800 cm-1. After modification, MSN-
SH exhibited two peaks, which corresponding to the -SH groups at 2580 cm-1 and the Si-OH 
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groups around 800 cm-1, respectively. Therefore, the Raman spectrum of MSN-SH 
demonstrated the -SH groups had been successfully grafted on the surface of MSNs. Due to 
reaction with MPTMS,  the Si-OH groups of MSNs were partly consumed, which resulted in 
a clear reduction of the band intensity. 
 
 
         Figure 5.8 Raman spectra of -SH groups grafted on the surface of MSNs. 
 
To design a chemically removable cap, the gatekeepers were designed to link with -SH group 
on MSNs through thiol-disulfide exchange. Prior to chemical reaction, disulfide bonds were 
obtained from didecyl disulphide which was synthesised through a facile oxidation of 
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decanethiol (Kirihara et al. 2008). Then the disulfide bonds reacted with the -SH groups from 
MSN-SH and capped on the mesopore entrance of MSNs. 
The successful formation of disulfide bonds between decanethiol molecules was confirmed by 
Raman spectroscopy. As shown in Figure 5.9, the molecule of decanethiol exhibited a peak 
around 2580 cm-1, which was attributed to the vibration of -SH groups (Velleman et al. 2011). 
There was a group of high intensity peaks between 2800 and 3000 cm-1 both present in 
decanethiol and didecyl disulfide, which were attributed to the C-H stretching vibration in -
CH2- and -CH3 from the alkyl chain. An absorption peak appeared between 500 and 550 cm
-1 
in the spectrum of the didecyl disulfide which revealed the covalent disulfide bonds, generated 
after oxidation of decanethiol (Gosselin et al. 2007; Van Wart AND Scheraga 1976). In 
addition, the peak around 2580 cm-1 was absent in didecyl disulfide, which indicated the 
complete conversion from thiol groups to disulfide bonds. 
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Figure 5.9 Raman spectra of disulfide bonds produced between decanethiols. 
 
Figure 5.10 shows the Raman spectra of MSNs capped with gatekeepers.  The absorption peak 
for disulfide bonds was observed between 500 and 550 cm-1 in the spectrum, which indicated 
the gatekeepers were successfully attached to particles. After capping the gatekeepers, the peak 
around 2600 cm-1 was still present in MSNs, which corresponds to -SH groups of didecyl 
disulfide. The residue signal might be mainly due to the redundant -SH groups from MSNs at 
the end of the reaction. In addition, the increased intensity of -CH2-/-CH3 peaks between 2800 
and 3000 cm-1 could be attributable to introduction of the alkyl chain from decanethiol, which 
may also confirm that gatekeepers are capped on the MSNs. 
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                     Figure 5.10 Raman spectra of gatekeeper capped MSNs (MSN-G) 
 
5.4.6 Loading of resistant inducers 
High LE of resistant inducers into NPs are very critical for further applications in plants. Popat 
and his colleagues (2012) found that the amount of biocide absorbed into bare MSNs was 
directly relevant to the mesoporous structure, surface area and pore size of particles. 
Additionally, the LE was dependent on the surface modification of MSNs (Cao et al., 2016). 
In this study, a diffusion method was employed to load the resistance inducers. SA and MeJA 
were chosen for loading because they are not only active against P. cinnamomi but they are 
also organic molecules which can dissolve in organic solvents. As shown in Table 5.5, the 
results for MeJA loading are optimized through the change of mass ratio (ie MeJA to NPs). 
For the gatekeeper-capped MSNs, the LE was increased with the higher mass ratio of MeJA to 
NPs, which produced a strong gradient to facilitate the diffusion of MeJA into the mesopores. 
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The maximum LE of MeJA in MSNs was 10.3 %, where the corresponding amounts of MeJA 
was calculated to be 96.1 µg/mg for MSN-MeJA-G. When the mass ratio of MeJA to NPs 
reached 2, the LE (10.1%) was almost constant, which indicated a saturation loading of MeJA 
(entries 1-5, Table 4.3). In this study, gatekeepers affected the LE of MeJA. For entry 6 (Table 
5.6), the LE of MeJA into MSNs without gatekeepers was only 4.7% (the corresponding 
amounts of MeJA was 40.0 µg/mg for MSN-MeJA), which suggested that gatekeepers could 
block the pore entrance and prevent guest molecules from premature release.  
Based on the above results, an equivalent mass ratio of SA and MSNs was selected for SA 
loading. The LE of SA was 8.0 and 11.7 % for the bare MSNs and gatekeeper-capped MSNs, 
respectively, where about 88.8 and 134.1 µg SA /mg of MSN-SA and MSN-SA-G were loaded, 
respectively. Therefore, the results further confirmed that the surface modification by 
gatekeeper capping increased resistance inducer loading efficiency. The improved capacity was 
attributed to the disulfide bonds exchange with disulfide bonds from didecyl disulfide and the 
-SH groups from MSN-SH. 
 
                         Table 5.6 The loading efficiency (LE) of MeJA into MSN-G   
                                       Entry          Mass ratioa                   LE (%)                 
                                          1                   0.1                         5.3 ± 0.2                     
                                          2                   0.2                         6.1 ± 0.3                     
                                          3                   0.5                         8.5 ± 0.3                     
                                          4                   1.0                       10.3 ± 0.4                     
                                          5                   2.0                       10.1 ± 0.2                     
                                          6b                 1.0                         4.7 ± 0.1                    
a Mass ratio of MeJA to MSN-G, 100 mg of MSN-G was used. b Bare MSNs instead of MSN-
G was used. Data represent the mean ± SD in triplicate.  
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5.4.7 Release of resistance inducers 
To evaluate the feasibility of using MSNs as delivery vehicles, the MeJA release behaviours 
from MSN-MeJA-G were investigated. As shown in Figure 5.11A, with increasing the 
concentration of GSH, disulfide bonds were cleaved and replaced more quickly and the release 
of MeJA was effectively accelerated. The MeJA from MSN capped gatekeepers exhibited a 
fast ‘initial burst’ release in the first 1h (13.9 and 25.5%, respectively) in the presence of a high 
concentration of GSH (5, 10 mM), and followed by a continuous release until 24 h (39.5% and 
41.3%, respectively). In comparison, the MeJA release was characterized by a similar burst 
release in the first 1 h (11.5%) but was relatively slow at a low GSH concentration (1mM). 
These behaviours suggested that increasing concentrations of GSH determine the different 
extents of cleavage, which indicated the gating effect to be tuneable. 
Additionally, the release patterns of MeJA without or with the presence of gatekeepers differed 
(Figure 5.11B). Without gatekeepers, much of the MeJA directly diffused out the mesopores 
of the MSNs to the surrounding and achieved a maximum and stable level after 9 h. In 
comparison, MSN-MeJA-G showed only small amounts of MeJA released at the beginning, 
then reaching a maximum value at 11 h (5.4%). These results suggested that the disulfide bond 
between the decanethiol and MSNs could be cleaved following exposure to GSH to facilitate 
the release of guest cargoes. Meanwhile, the gatekeepers could effectively entrap the cargoes 
in the pores and prevent premature leaching from the mesopores in the absence of a reducing 
environment. 
It was further confirmed for SA that the concentration of GSH had a strong effect on cargo 
release rate (Figure 5.11C). SA release in 1 mM GSH was slower than that in 5mM and 10 mM 
GSH. It was observed that the burst release of SA under the concentration of 1, 5, 10 mM was 
9.6%, 14.8% and 26.6% respectively at 1h while it was 12.1%, 37.9% and 39.17% respectively 
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at 24 h,. Without the reducing environment, SA from MSN-SA released quickly and reached 
27.9% at 24h (Figure 5.11D). However, SA was released from MSN-SA-G only slowly and 
achieved a plateau after 10 h (4.0%), suggesting effective entrapment of SA in the mesopores 
of MSNs capped by the decanethiol gatekeepers. 
 
Figure 5.11 Redox-responsive release profiles of resistance inducers from MSNs based 
vehicles. (a) Cumulative release of MeJA from MSNs with or without gatekeepers in the 
absence of GSH. (b) Cumulative release of MeJA from MSN-MeJA-G in GSH concentrations 
at 1, 5 and 10 mM. (c) Cumulative release of SA from MSNs with or without gatekeepers in 
the absence of GSH. (d) Cumulative release of SA from MSN-SA-G in GSH concentrations at 
1, 5 and 10 mM. Data represents mean ± SD in triplicate. 
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These results indicated that the gatekeeper capped MSNs could be a potential  delivery system 
in that resistance inducers could be encapsulated without being prematurely released until the 
gatekeeper is removed by GSH which accumulates to high concentrations in plant cells under 
stress conditions than in unstressed plant cells (Agarwal, 2007, Zechmann, 2014, Arasimowicz 
et al., 2014). 
5.4.8 Interaction of pineapple roots with P. cinnamomi zoospores  
According to a preliminary experiment, it was observed that pineapple roots secrete lots of 
mucilage around tip, which can protect roots from pathogen attack. Therefore, in order to infect 
roots successfully, the mucilage from roots was removed using filter paper. Then the inoculated 
pineapple root sections were examined for 3 h under a microscope. Figure 5.12 showed the 
interaction process between root section and zoospores. After addition of zoospores on the 
glass glide with roots (Figures 5.12A), zoospores tended to move towards the root elongation 
zone. Zoospores then stopped and encysted on the root surface or near the root, few started to 
germinate at 1 hpi (Figures 5.12B). After that, germ tubes of zoospores continued to grow and 
penetrated the root epidermis by 2 hpi (Figures 5.12C). Finally, the majority of zoospores 
penetrated and colonized the roots within 3 hpi (Figures 5.12D). 
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Figure 5.12 Interaction process of pineapple root tissue with P. cinnamomi zoospores.  (A) Roots 
inoculated with zoospores added at 0.5 hpi.  (B) Zoospores were attracted to the root elongation zone, 
encysted and started to germinate within 1 hpi. (C) Germinated cysts penetrated root epidermis within 
2 hpi. (D) The majority of zoospores colonized and encysted on the roots within 3 hpi. Scale bars = 50 
µm.  
  
5.4.9 Symptom development in pineapple roots following pre-exposure to SA, MSNs and 
MSN-SA-G followed by inoculation with P. cinnamomi 
After incubation, the plants were checked for root growth and visible lesion length every 2 d 
until 6 d. The percentage of lesion length to root length in control or pathogen inoculated plants 
were also determined.  
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5.4.9.1 Disease symptoms in pineapple roots  
No disease symptoms were observed in non-inoculated control plants and those treated with 
SA, MSNs or MSN-SA-G (data not shown). At the same time, roots in all inoculated treatments 
responded to the pathogen infection, and produced lesion from 2 dpi. As shown in Figure 5.13, 
at 6 dpi, the inoculated control (W+P) possessed the most severe symptoms, with water-soaked, 
brown, spreading, long lesions commencing at the root tip, with few lateral roots (Figure 
5.13A). Roots in the SA+P treatment exhibited similar, but shorter lesions and longer lateral 
roots compared with the inoculated control (Figure 5.13B). However, MSNs+P and MSN-SA-
G+P treatments showed restricted lesions and lateral root was stimulated (Figure 5.13C, D). 
For the MSN-SA-G +P treatment, the roots recovered and continued to grow. 
      
Figure 5.13 Representative images at 6 dpi of lesion formation in pineapple roots grown in the SPS and 
pre-treated with SA, MSNs or MSN-SA-G, followed by inoculation with P. cinnamomi zoospores 
(lesion is highlighted by the brackets).  All treatments showed lateral roots formation above the 
inoculation site. (A) Water-soaked, brown, spreading, long lesions in untreated inoculated control 
(W+P). (B) Water-soaked spreading, short lesions in roots treated by SA+P. (C) Restricted lesion in 
roots treated by MSNs+P. (D) Roots treated by MSN-SA-G+P, produced restricted lesion and recovered. 
Images are representative of 3 independent experiments (n=10). Scale bars = 0.5 cm. 
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5.4.9.2 Root growth  
The average root growth per 2 d post inoculation in all pineapple plants pretreated with SA, 
MSNs and MSN-SA-G is shown in Figure 5.14. Compared to the other treatments, the MSNs-
P and MSN-SA-G-P treatments had significantly enhanced root growth over 6 d. However, the 
inoculated control (W+P) significantly inhibited the root growth compared with non-inoculated 
control (W-P). At 4 dpi and 6 dpi, the average root growth per 2 d in all the pathogen inoculated 
plants pretreated with SA, MSNs and MSN-SA-G were impeded compared with their mock 
inoculated treatments. 
 
Figure 5.14 The effect of SA, MSNs and MSN-SA-G pretreatments on root growth in pineapple 
over 6 d after inoculation with P. cinnamomi. Bars with different letters indicate values 
significantly different from the control at a given time point (p < 0.05), according to Duncan’s 
multiple range test. Data represent the mean ± SD of triplicate experiments (n=10).  
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5.4.9.3 Lesion length 
The lesion length caused by P. cinnamomi was recorded every 2 d post inoculation until 6 dpi. 
Among all inoculated plants, the root lesion occured and developed after inoculation with P. 
cinnamomi (Figure 5.15). The results showed SA, MSNs and MSN-G-SA significantly reduced 
lesion length in pineapple roots at all time points (p < 0.01), except the SA+P treatment at 6dpi 
(Figure 5.15A). By 4 dpi, the lesion spreaded quickly in W+P plants and reached the maximum 
average length (1.38 cm) while the average lesion growth in SA+P, MSNs+P and MSN-SA-
G+P were impeded (0.22, 0.16 and 0.05 cm, respectively). In addition, the MSN-SA-G +P 
treatment showed a significant reduction in lesion length compared with other treatments  over 
time. Comparison of average root lesion in all treatment plants at the end of the experimental 
time point (6 dpi) showed that the MSN-SA-G treatment significantly hindered the lesion 
expansion compared to other treatments, while there was no significant difference between the 
W+P and SA+P treatments. 
Compared to the W+P treatment, the percentage of lesion length to root length also 
significantly decreased in the plants treated by SA, MSNs and MSN-G-SA at varying time 
point (Figure 5.15B). It was found that the lesion length of roots in the MSN-SA-G+P treatment 
(0.85%, 1.33% and 1.34 % at 2, 4, 6 dpi, respectively) was significantly lower than that of other 
treatments at all time points. Moreover, lesions in MSNs and MSN-G-SA plants were observed 
as restricted infection, even in some MSN-G-SA plants, the infection sites tended to disappear.  
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Figure 5.15 The effect of SA, MSNs and MSN-SA-G pretreatments on root lesion growth (A) 
and the percentage of lesion length to the root length (B) in pineapple root over 6 d after 
inoculation with P. cinnamomi. Bars with different letters indicate values significantly different 
from the control at a given time point (p < 0.05), according to Duncan’s multiple range test. 
Data represent the mean ± SD of triplicate experiments (n=10).  
Chapter 5. MSNs as a Smart and Controlled Delivery System of Resistance Inducers to Control Phytophthora 
Disease in Ananas comosus (pineapple) 
182 
 
5.4.10 SA and GSH quantification after pathogen inoculation 
In order to evaluate the effects of different treatments, the total SA content in the tested 
pineapple roots was measured (Figure 5.16 A). The results showed that the content of SA in 
control roots remained at a low level over the time of the experiment. But after pathogen 
inoculation, the SA level in the W+P treatment significantly increased at 24 hpi, then dropped 
to the original level. By 0 hpi (3 d after pretreatment), foliar spray of exogenous SA greatly 
systemically increased SA content in the roots. The MSNs pretreatment accumulated similar 
amounts of SA compared with SA treatment. The MSN-SA-G treatment had the highest 
content of SA (around 0.90 µg/ g FW),  which was 7 times higher than that in control roots. By 
24 hpi, the SA content in the SA-P treatment significantly decreased, while they in the SA+P, 
MSNs-P, MSNs+P, MSN-SA-G+P and MSN-SA-G-P treatments had continued increases. It 
was also observed that SA content in the inoculated roots pretreated by SA (SA+P) then 
dropped dramatically  and reached the same level as  the  SA-P treatment until 96 hpi. In 
addition, SA levels in the MSNs-P treatment were not changed at 48 hpi and 96 hpi, while 
levels decreased in the MSNs+P treatment by 96 hpi. Moreover, it was found that the contents 
of SA in MSN-SA-G pretreated roots were elevated over the time, and the MSN-SA-G+P 
treatment significantly improved the SA level in the roots compared with the MSN-SA-G-P 
treatment at 48 hpi and 96 hpi.        
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Figure 5.16 Accumulation of SA (A) and GSH (B) contents in pineapple roots over 96 hpi 
pretreated with SA, MSNs and MSN-SA-G, following  inoculation with P. cinnamomi. Bars 
with different letters indicate values significantly different from the control at a given time 
point (p < 0.05), according to Duncan’s multiple range test. Data represent the mean ± SD of 
triplicate experiments (n=10). 
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To further determine the effects of SA, MSNs and SA released from MSNs with gatekeepers 
on pineapple resistance against P. cinnamomi attack, the total GSH level in pineapple roots 
was also assayed (Figure 5.16B). It was found that the GSH level in non-inoculated control 
(W-P) did not evidently vary at all the time-points. By 0 hpi, no significant differences were 
observed between the control (W-P and W+P) and SA treatment with or without pathogen 
inoculation (SA-P and SA+P), while the GSH levels were improved 1.5 fold under MSNs-P, 
1.4 fold under MSNs+P, 1.7 fold under MSN-SA-G-P and 2.0 fold under MSN-SA-G+P 
treatment compared with the control (W-P). After that, GSH content in the roots exposed to 
the treatment of W+P significantly increased till 24 hpi and then declined at 48 hpi. A similar 
pattern was also observed in plants exposed to the treatments of SA-P and SA+P with the 
highest content at 24 hpi and a decrease at 48 hpi. GSH content in the tissue treated with MSNs-
P did not greatly change and stayed at an obviously higher level at all time-points compared to 
that in treatments of W-P and SA-P. A considerable increase from 0-24 hpi was observed in 
the plants treated with MSNs+P and then the level slightly declined at 48 hpi, remaining the 
highest GSH content compared to all the other treatments except for the treatment group of 
MSN-SA-G+P. In the roots exposed to the treatment of MSN-SA-G+P, a continuous increase 
in GSH content was observed throughout the experiment and a significantly higher level was 
found at each the time-point compared to that in all the other treatments.    
5.4.11 Resistance-related gene expression analysis in pineapple roots inoculated with P. 
cinnamomi 
The effects of the different treatments on the expression of pathogen defense related genes of 
PR1 and PR5 in pineapple roots were examined and quantified (Figure 5.17 and Figure 5.18). 
All the experiments were repeated for three times. The expression of each gene was assayed 
according to the corresponding Actin gene level of each group. As shown in Figure and Figure 
5.18A, expression of PR1 in the tissue treated with water together with P. cinnamomi 
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inoculation increased at 12 and 24 hpi, and then gradually declined to the same level in 
the corresponding control without P. cinnamomi inoculation at 96 hpi. The direct spray of 
exogenous SA greatly promoted PR1 expression for all the time-points compared to that in the 
roots sprayed with water. Additionally, the spray of SA together with P. cinnamomi  
inoculation significantly elevated PR1 expression at 0 hpi, and about 5.0 times, 3.5 times and 
2.0 times higher expression were observed compared that in the treatments of W-P, W+P and 
SA-P, respectively. After that, PR1 demonstrated a continuous decrease in expression till 96 
hpi. The treatment of bare MSNs increased the expression of PR1 and the highest level was 
detected at 0 hpi in the tissue treated with MSNs-P. Later on, PR1 expression remained at a 
high level with slight variation for all the subsequent time-points. In the roots exposed to the 
treatment of MSNs+P, the highest level of gene expression was achieved at 6 hpi and then the 
level gradually declined. A considerably elevated PR1 expression was observed in the roots 
treated with MSN-SA-G+P and the expression levels were obviously higher than that in the 
group of MSNs+P at 24, 48 and 96 hpi. In particular, PR1 showed significantly higher 
expression levels in the tissue treated with MSN-SA-G-+P than that in all the other treatments 
at all time-points. PR1 demonstrated a gradual increase in expression and achieved the highest 
level at 24 hpi, and then slightly declined till 96 hpi. As for PR5 expression, overall, the pattern 
was similar to that of PR1 expression and expression was detected in plants exposed to the 
corresponding treatments. Also, PR5 demonstrated greatly higher expression levels in the roots 
exposed to the treatment of MSN-SA-G-+P than that in all the other treatments at all time-
points. The highest value was observed at 6 hpi and then PR5 expression slowly decreased but 
was still maintained at a relatively higher level till 96 hpi (Figure 5.18B). Actin was used as an 
internal standard and showed stable expression across each treatment (Figure 5.17). 
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Figure 5.17 Defense gene expression of PR1 (A) and PR5 (B) in pineapple roots over 96 hpi 
pretreated with SA, MSNs and MSN-SA-G, following  inoculation with P. cinnamomi. Total 
RNA was isolated from roots at different time points. Semi quantitative RT-PCR was 
performed from cDNA made from each RNA sample. Actin was used as an internal standard 
(housekeeping gene).  Images are representative of 3 independent experiments (n=3).  
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Figure 5.18 Relative expression of PR1 (A) and PR5 (B) in pineapple roots over 96 hpi 
pretreated with SA, MSNs and MSN-SA-G, following inoculation with P. cinnamomi. Relative 
expression was measured against Actin of each individual sample. Bars with different letters 
indicate values significantly different from the control at a given time point (p < 0.05), 
according to Duncan’s multiple range test. Data represent the mean ± SD of triplicate 
experiments (n=3).  
Chapter 5. MSNs as a Smart and Controlled Delivery System of Resistance Inducers to Control Phytophthora 
Disease in Ananas comosus (pineapple) 
188 
 
5.5 Discussion 
At present, P. cinnamomi, a soil-borne plant pathogen, causes destructive plant losses in both 
agricultural and natural systems worldwide (Allardyce et al., 2012). It is well recognized that 
treatment of plants with various biotic and abiotic agents can result in the induction of both 
local and systematic resistance to subsequent pathogen attack (Palmer et al., 2017). In the in 
vitro experiment of the present study, all the agents of SA, MeJA, Phi and BABA at tested 
concentrations inhibited, to some extent, the mycelial growth. Overall, MeJA and BABA 
showed less effective influences compared to that of SA and Phi. SA and MeJA were found to 
induce resistance in roots at specific concentrations and surprisingly BABA was totally 
ineffective and Phi only effective in inducing resistance in lupin at the highest concentration 
tested. 
In general, compared to the other agents, SA at various levels in the present study was found 
to be more effective against attack by P. cinnamomi in terms of inhibition of lesion 
development, reduction in disease severity and promotion of root growth. A previous study 
showed that the exposure of avocado root to SA, for example, induced the accumulation of the 
compound phenol-2, 4-bis (1,1-dimethylethyl) which was effectively induced resistance to P. 
cinnamomi (Rangel-Sánchez et al., 2014). In another study, the treatments of SA and Phi were 
applied for control of attack by P. cinnamomi in lupin seedlings, and  the combination of SA 
and Phi was found to be  more effective since it could reduce the phytotoxic effects of Phi and 
decrease the possibility of pathogen sensitivity to Phi (Groves et al., 2015). MeJA, a derivative 
of JA, actively functions in regulating plant defense systems against different pathogens in 
many plant species. For example, exposure to MeJA significantly reduced the incidence of 
anthracnose disease in avocado fruit and the improved resistance to Colletotrichum 
gloeosporioides Penz was due to the enhanced activity of defense related enzymes in MeJA 
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treated fruits (Glowacz et al., 2017). As a result, SA and MeJA were taken further in this thesis 
to analyze the potential of MSNs as a vehicle for delivering a resistance inducing agent to 
pineapple, the main aim of this chapter.  
In the current study monodispersed MSNs with a particle size around 20 nm and pores size 
approximately 3.0 nm were synthesized by optimizing various reaction conditions. The 
specifically localized functionalization is essential for maintaining the particle size and pore 
volume especially for such small MSNs. The results from BET/BJH method showed that the 
surface of MSN-SH significantly decreased because of their occupation by -SH groups. 
However, the pore volume and pore diameter did not reduce dramatically, which meant this 
occupation did not obviously affect the pore space, providing effective loading capacity for 
hosting a guest molecule. Previous research has demonstrated that the size of MSNs could 
impact the uptake in plants, and further affect the efficacy of the delivery system (Sun et al., 
2014). The diameter of MSN-SH is around 20 nm, which is expected to allow the NPs to pass 
through the plant cell walls. In addition, the pore volume of SA-loaded MSNs with or without 
gatekeepers decreased dramatically, which meant the pores were occupied by SA. Particularly, 
the pore size of MSN-SA-G could not be detected, further confirming the pores were 
completely filled with SA. The successful formation of disulfide bonds between decanethiol 
molecules was also confirmed by Raman spectroscopy. An absorption peak that appeared 
between 500 and 550 cm-1 in the spectrum of the didecyl disulfide revealed the covalent 
disulfide bonds, which were generated after oxidation of decanethiol (Gosselin et al., 2007). 
Moreover, the peak at 2580 cm-1 vanished in didecyl disulfide, which indicated the complete 
conversion from thiol groups to disulfide bonds. 
High LE of resistance inducers into MSNs are critical for further applications in plants. For 
example, Popat et al. (2012) found that the amount of pesticide absorbed into bare MSNs was 
directly related to the mesoporous structure, surface area and pore size of MSNs. In addition, 
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the LE was also influenced by surface modification of MSNs (Cao et al., 2016). The results 
presented in the current study showed that after MSNs were modified with -SH, the LE of 
MeJA and SA was respectively more than 2 times and nearly 1.5 times higher than that of the 
bare MSNs. The improved loading capacity was due to the capping of the pores by the 
gatekeeper molecules which blocked the loss of MeJA and SA and limited premature leakage. 
The in vitro redox-responsive release test demonstrated that the release of MeJA and SA from 
decanethiol gatekeeper covered MSNs was slowed considerably compared to that of MSNs 
without gatekeepers. Further, the release rate of the entrapped MeJA and SA increased with 
the increase in the levels GSH stimulus. The mechanism of this chemical reaction is that the 
small molecule of GSH replaces the big decanethiol gatekeepers through cleaving disulfide 
bonds between MSNs and decanethiol, thus creating a space for the release of encapsulated 
MeJA and SA (Yi et al., 2015). 
Resistance inducer carriers with controllable release in response to environmental stimuli are 
extremely critical for improving the efficiency of loaded molecules. The release behavior from 
cargo loaded NPs is commonly trigged by cellular stimuli or external signals, such as redox 
reaction, pH, light, temperature, enzymes etc. (Cui et al. 2012; Sun et al., 2015; Kumar et al. 
2017). In this study, the disulfide-linked gatekeeper capped MSNs comprise the mesopores of 
MSNs as a reservoir for resistance inducers, the disulfide bond as a redox-responsive cleavable 
linker, and the decanethiol “gatekeeper” that can cover the entrance of MSNs. Here, the 
concentrations of GSH played a critical role in determining the SA release rate. For example, 
compared to the exposure to 5 mM GSH, the exposure to 10 mM GSH caused more disulfide 
bonds between decanethiol and MSNs to be cleaved, resulting in an increase of open space to 
facilitate SA release. 
SA was loaded and imported into the roots of pineapple using decanethiol gatekeeper covered 
MSNs as a delivery vehicle. The efficiency of this redox-responsive delivery system in control 
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of disease caused by P. cinnamomi was evaluated though the analyses of a series of parameters. 
Lesion production caused by pathogen ingress and destruction of cellular integrity was 
observed in all roots inoculated with P. cinnamomi but the application of SA, MSNs alone and 
MSN-SA-G all reduced lesion development. Previous studies have shown that SNPs could 
increase the resistance of plants to various abiotic stresses such as salinity in bean (Phaseolus 
vulgaris) (Alsaeedi et al. 2017) and UV-B stress in wheat (Triticum aestivum) seedlings 
(Tripathi et al. 2017). In particular, the treatment of SNPs enhanced maize plant resistance to 
the fungi Fusarium oxysporum and Aspergillus niger due to the increased levels of stress 
induced phenolic compounds and a reduced expression of stress-responsive enzymes 
(Suriyaprabha et al. 2013). Also, MSNs treatment induced the accumulation of SA in the 
treated roots. This might be attributed to the silica elements from MSNs which could stimulate 
the biosynthesis of the stress hormones such as SA, JA and ET in the treated plants (Fauteux 
et al., 2006).  In addition, in the current study, roots exposed to the treatment of MSN-SA-G+P 
recovered and continued to grow at 6 hpi, further demonstrating the increased resistance to 
pathogen attack that the NPs provide. Root growth was significantly inhibited in the inoculated 
plants while the root growth rate at 6 hpi in the treatments of MSNs+P and MSN-SA-G+P was 
much higher than that in the treatments of W+P and SA+P. These results further confirmed 
that the exogenous applications of SA could enhance plant resistance to P. cinnamomi. 
Compared to the direct use of SA, the MSN-mediated delivery system evidently amplified the 
effects of SA in terms of inhibition lesion development and plant recovery after pathogen 
infection. A similar result was reported in a recent study which employed MSNs for the 
delivery of ABA to promote A. thaliana tolerance to drought stress (Sun et al., 2018).  
Here, the entrapped SA was slowly released inside the treated tissue which prolonged the 
chemical effects, thus improving the plants overall resistance ability. In addition, the unique 
property of MSNs such as large surface area greatly facilitated plant uptake efficiency (Ditta 
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et al., 2015). Consequently, larger amounts of SA were transported into lupin seedlings when 
the MSN-mediated system was employed. More interestingly, in all the tests, MSN treatments 
exhibited a significant improvement in root growth and greater resistance to pathogen attack. 
Previous studies have documented that SNPs greatly promote the growth and development of 
many plant species (Yuvakkumar et al., 2011, Li et al., 2012, Suriyaprabha et al., 2014b, Sun 
et al., 2016). This was also confirmed in chapter 4 of the present study which found that Am-
MSN-50 promoted seed germination, plant growth and seed yield of Arabidopsis. Also, 
research has indicated that SNPs increase plant resistance to various biotic and abiotic stress 
such as Cr (VI) phytotoxicity to wheat (Tripathi et al., 2017), cadmium toxicity to rice (Cui et 
al., 2017), pests in the seeds of wheat and peeled barley (Ziaee and Ganji, 2016) and fungal 
attack in maize (Suriyaprabha et al., 2014a). These beneficial effects are mainly attributed to 
the silica element, the major component of SNPs, which has been found to have roles in 
enhancing plant growth and improving plant resistance.      
The contents of SA and GSH in the tested pineapple roots were measured to evaluate the effects 
of different treatments and to confirm the GSH trigger for SA release. A significant increase in 
SA content was found in the treatment of W+P and SA+P soon after inoculation, then slowly 
declined till the end of experiment. It is widely recognized that the accumulation of SA is 
required to induce SAR in infected plants (Conrath, 2011). For instance, an evident increase in 
SA level was observed in P. cinnamomi infected roots of lupin (Groves et al., 2015). In the 
current study, SA content in the treatments of MSNs-P and MSNs+P remained at a relatively 
high level, which slowly increased and peaked at 4 hpi. In particular, a constant increase and 
high level of SA in the tissue exposed to the treatments with the application of the MSN-
mediated delivery system was observed, which suggested that the sustained release of 
entrapped SA from the mesopores was achieved inside the roots. The treatment of W+P and 
SA+P both induced a high and continuously increased GSH level in the treated tissue but this 
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quickly declined from 4 hpi to 6hpi. The GSH content in the treatment of MSN-SA-G-P was 
maintained at a relative high level with slight variation during the test. Particularly, in the roots 
exposed to SA encapsulated in MSNs, the GSH level was evidently higher than all the other 
treated groups during all experiments and continuously increased till the end of the test. GSH 
is one of the main elements of the antioxidant defense system and also plays crucial roles in 
determining cellular redox status in plants (Foyer and Noctor, 2005). The exogenous use of SA 
may also enhance GSH level in treated plants, indicating a physiological interaction between 
GSH and SA levels (Freeman et al., 2005, Mateo et al., 2006). Hence, the changes in GSH 
levels in the treated roots further confirmed the success of this MSN-mediated delivery system 
for the controlled release of SA. 
To determine the efficiency of MSN-mediated system for SA delivery, the expression of SA-
responsive PR1 and PR5 genes was measured in non-inoculated and inoculated lupin roots. 
Application of SA and MSNs elevated the transcription of PR1 and PR5 both in infected and 
non-infected roots. The induction of these defense genes in the absence of P. cinnamomi 
indicated that both SA and MSNs could up-regulate the expression of defense genes without 
pathogen attack and therefore act as a true resistance inducer of defense. These results 
demonstrated that the influence of SA on the plant defense system were not only mediated with 
resistance inducers from invading pathogen, but also that SA could modulated the defense 
response (Eshraghi et al., 2011). Also, Engelbrecht and van den Berg (2013) detected elevated 
expression of PR5 in avocado rootstocks infected with P. cinnamomi. However, Rookes et al. 
(2008) pointed out that the resistance of Arabidopsis to P. cinnamomi was multi-faceted and 
related to the induction of different defense responses and signaling pathways. This notion is 
supported by a recent study by Sanewski et al. (2017) who found that resistance to P. 
cinnamomi in pineapple involved different genes related to pathogen recognition and response 
signaling, and some of the genes were involved in several defense pathways.  
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In the present study, the exposure to free SA induced a quick increase in the expression of PR1 
and PR5 from the beginning but continuously declined till the end of the test time point of 144 
h. In contrast, the expression of PR1 in the tissue exposed to the treatment of MSN-SA-G+P 
slowly increased and peaked at 48 h, and then gently declined till 144 h. More importantly, a 
significantly higher level of PR1 was found at all time-points in the group of MSN-SA-G+P 
compared to that of S+P. Previous studies have demonstrated that SNP could induced plant 
resistance to various biotic and abiotic stresses such as Cr (VI) phytotoxicity in pea seedlings 
(Tripathi et al., 2015), UV-B stress on wheat plants (Tripathi et al., 2017) and fungal resistance 
in maize plants (Suriyaprabha et al., 2014a). In addition, a similar result was observed in the 
expression of PR5 except that free SA introduced a significant higher expression at the 
beginning and the peak of PR5 level was occurred at 12 h. The sustained and elevated 
expression of PR1 and PR5 was attributed to a constant supply of SA released from the pores 
of the MSNs. Similar to these results, a recent study showed the expression of the ABA-induced 
gene AtGALK2 in Arabidopsis was prolonged due to the application of MSN-mediated ABA 
delivery system (Sun et al., 2018). Together, in the present study, PR1 and PR5 gene expression 
levels, SA and GSH quantification demonstrated that MSN-mediated delivery system provided 
a sustained release of SA to plants, offering prolonged protection against pathogen attack. 
5.6 Conclusion 
The smart MSN-mediated delivery system with short-chain molecules as redox-responsive 
gatekeepers was created and applied for the control of plant disease. The successful assembly 
of decanethiols onto the surface of MSNs was confirmed using a series of techniques. The in 
vitro release experiments indicated that decanethiol gatekeepers effectively blocked the loaded 
MeJA and SA inside MSNs without the presence of GSH. However, the disulfide bonds 
between decanethiol and MSNs was cleaved with the presence of GSH (1, 5 and 10 mM), 
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resulting in the release of entrapped MeJA and SA. Further, in planta experiments 
demonstrated that the controlled release of SA from decanethiol gated MSNs induced sustained 
expression of the plant defense genes PR1 and PR5, improving pineapple seedling  resistance 
to root rot disease caused by P. cinnamomi. Hence, in the present study, the application of 
MSNs with redox-responsive gatekeepers has been demonstrated to be an efficient technique 
to introduce resistance inducers into plants and release them in a controllable fashion.
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Chapter 6. General Discussion  
6.1 Summary  
Research presented in this thesis has investigated the establishment of a smart delivery system 
using MSNs as carriers to encapsulate and introduce genes and agrochemicals into plants. 
Nowadays, the production of most major crops is reduced due to various abiotic and biotic 
stresses. In particular, plant disease leads to huge loss in crop yield every year. To control crop 
disease, a large amount of conventional fungicides and antibiotics are used.  Due to their low 
absorption efficiency, the overuse of agrochemicals results in a series of problems including 
increased investment, soil degradation and environment pollution. On the other hand, plant 
genetic engineering is recognized as one of the most powerful tools for breeding disease 
resistant crop varieties. However, traditional methods for genetic transformation still have 
several drawbacks such as low transfer efficiency, altered gene expression, gene silencing and 
consumer concern. To overcome these problems MSNs as a novel delivery system with high 
efficiency were investigated to introduce genes and agrochemicals into plants.  
Well dispersed MSNs with ideal particle and pore sizes were synthesized through manipulating 
experimental conditions with the aim of being suitable for application in plant systems. The 
surfaces of MSNs were functionalized with different chemical groups according to their 
specific purpose. Moreover, the morphology and properties of MSNs were characterized and 
determined through using a series of techniques including TEM, SEM, TGA and FTIR 
spectroscopy (Chapter 2). And then, amine-functionalized (Am-MSNs) of 20 and 50 nm 
particle size, were employed to load pDNA and import it into the protoplasts of A. thaliana. 
The compounds showed good stability and both types of Am-MSNs efficiently protected the 
encapsulated pDNA against degradation due to cellular nucleases. High contents of pDNA 
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encoding smGFP in the transformed plant cells were observed, and attributed to the high gene 
transformation efficiency using MSNs as the delivery vectors (Chapter 3). In addition, the 
biosafety of Am-MSNs was thoroughly assessed by using the model plant A. thaliana. A series 
of parameters concerning plant growth and development such as seed germination, root length, 
biomass, photosynthetic pigment content and expression of related genes were measured and 
analyzed. Quite remarkably this study indicated that exposure to Am-MSNs facilitated plant 
seed germination and seedling growth, increased the content of photosynthetic pigments, 
promoted plant photosynthetic capacity and enhanced seed yield. Am-MSNs are therefore 
biosafe and could indeed be applied as a novel delivery system in plants (Chapter 4). Finally, 
a novel MSN-mediated delivery system with a redox-responsive gatekeeper was established. 
The short-chain decanethiol gatekeeper was grafted onto the surface of MSNs to block the 
loaded cargoes from premature release. Meanwhile, GSH was used as a stimulus to break 
disulfide bonds between MSNs and gatekeepers, achieving the controlled release of 
encapsulated cargoes inside plants. The stability and efficiency of the MSN-mediated delivery 
system was evaluated through loading and importing SA to control pineapple root rot disease 
caused by the pathogen P. cinnamomi. The results demonstrated that the application of a MSN-
mediated delivery system greatly improved plant resistance to P. cinnamomi attack due to the 
enhanced uptake of MSN encapsulated compounds by plants and in particular the sustained 
and prolonged release of SA inside treated roots (Chapter 5). A main conclusion from the 
current study is that MSNs are promising vectors for the introduction of agrochemicals into 
plants to address agricultural problems related to low uptake rate of applied chemicals and the 
short duration of their activity. 
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6.2 The creation of an MSN-based delivery system in plants  
The plant cell wall is the natural barrier which prevents the external agents from easily entering 
and provides structural support. The average diameter of pore in the cell wall is from 5.0 to 20 
nm (Fleischer et al., 1999), which means smaller ENPs may penetrate inside plants much easily 
compared to larger ones. Previous studies have shown that cellular uptake of ENPs via 
endocytosis is size-dependent, and ENPs with particle sizes from 30 to 60 nm could be 
effectively attached to substrates, well dispersed in cellular fluid and easily transported in large 
amounts (Albanese et al., 2012, Liu et al., 2015b).    
The physicochemical properties of the synthesized MSNs are determined by many factors 
including the properties of and amount of reaction chemicals, pH value and temperature of the 
reaction system and the reaction time during the synthesis process (Setyawati et al., 2016). The 
mesoporous structure of MSNs is essential for determining their unique property and provides 
space for the holding of imported target cargoes (Beck et al., 2017). The formation of 
mesopores during the process of synthesis is greatly influenced by the type of surfactants 
involved in the reaction. In the present study, CTAB was employed to produce templates for 
the desired MSNs as it contains both hydrophobe and hydrophile, which result in the mutual 
compatibility with both oil and water (Yamada et al., 2015). In addition, MSNs with big particle 
and pore sizes were also produced for the delivery of a gene into plants protoplasts. So, the 
swelling agent, TMB, was added during the synthesis process to expand the diameter of the 
pore and particle sizes of the MSNs. 
In this study, monodispersed MSNs with small particle sizes (around 20 and 50 nm) and pore 
sizes (approximately 3.0 and 14.7 nm) suitable for application to plant systems were 
synthesized through the optimization of reaction conditions. The particle sizes and 
morphologies of MSNs were observed through using TEM. The small MSNs of 20 nm 
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exhibited uniformly and highly monodispersed spheroids while the larger MSNs of 50 nm 
showed a rough surface and flower-like shape. Type IV adsorption isotherm curves and H3 
hysteresis loop were detected in all the samples, which suggested that the inter-connected 
mesoporous structure was formed in the as-synthesized MSNs (Hu et al., 2011). 
The surface physicochemical properties of ENPs greatly determine their interaction with the 
environment because ENPs possess a huge surface-to-volume ratio (Castillo et al., 2017). 
Hence, it is crucial to synthesize and modify MSNs with ideal surface properties such as desired 
charges or liberative chemical bonds. The abundant Si-OH bonds on the surface of MSNs are 
flexible enough to be modified by different chemical groups for the application to specific 
purposes, the improvement of MSN biocompatibility and the efficiency of an MSNs-based 
delivery system (Chang et al., 2017). In the current study, cross-linkers of amines were 
functionalized to the surface of MSNs. The successful attachment of amino groups was 
confirmed through checking the changes of morphology and physicochemical properties of 
MSNs through by using a series of techniques. For example, the average pore size of MSNs 
with a diameter of 50 nm was around 14.7 nm but it was reduced to 10.9 nm after 
functionalization with amino groups. In addition, the bare MSNs were negatively charged but 
the amine-functionalized MSNs were all positively charged because the positively charged 
amine groups were successfully grafted onto the surface. 
These positively charged Am-MSNs were then employed as delivery vectors to absorb 
negatively charged DNA through electrostatic interaction and to introduce a gene into 
protoplasts of A. thaliana. In addition, to trace the translocation and accumulation of MSNs 
inside plants, FITC or RITC was functionalized onto the surface of MSNs via the reaction 
between the isothiocyanate groups in the dyes. Further, the successful modification was 
confirmed by FTIR and fluorescence spectroscopy. 
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To establish an MSN-based smart delivery system, it is of vital importance to prevent the 
loaded cargoes from premature leakage and to manage the release of entrapped molecules at 
the target site in a controlled manner (Cao et al., 2016). Thus, to obtain these two major aims, 
stimuli-response gatekeepers were employed to block the loaded molecules inside the 
mesopores and to control the release of imported cargoes in the presence of a specific stimulus. 
However, most of current gatekeepers have been limited in their application in plant systems 
because they are incompatible with plants and may cause other problems such as side effects 
on the environment (Dietz and Herth, 2011), fast release of entrapped cargoes (Wanyika et al., 
2012), and low absorption efficiency of MSNs due to increased particle sizes after 
functionalization with the gatekeepers ((Zhang et al., 2015e). In the present study, a novel 
MSN-based redox-responsive delivery system was designed and established by using 
decanethiol as the gatekeeper and glutathione (GSH) as stimulus. The gatekeeper of 
decanethiol was linked onto the surface of MSNs through disulfide bonds. GSH, a protein 
naturally existing in both plant and animal cells, is a thiol-containing tripeptide which is 
capable of reducing disulfide bonds and removing the gatekeeper of decanethiol (Li et al., 
2015), thus releasing the imported cargoes in a controlled fashion. In the current study 
resistance inducers including SA and MeJA were loaded into MSNs through a free diffusion 
method and then capped with the gatekeeper of decanethiol.  
The in vitro release assay of loaded SA and MeJA demonstrated that the gatekeepers could 
effectively entrap the cargoes inside the mesopores and prevent them from premature leakage. 
The results also suggested that the disulfide bond between the decanethiol and MSNs could be 
cleaved in the presence of GSH, triggering a slow, controlled release of encapsulated 
agrochemicals.  
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6.3 MSNs as vectors for gene delivery  
Viral and non-viral (synthetic) vectors are the two major types of vehicles employed for gene 
delivery. However, the viral vector based delivery system shows some serious drawbacks such 
as low loading efficiency, off target specificity, cell toxicity and short period transgene 
expression, which greatly limits the widely application of this technique (Nayerossadat et al., 
2012, Chowdhury et al., 2017). Various non-viral carriers have been designed and constructed 
using chemical building blocks and many ENPs have been exploited as non-viral carriers for 
gene delivery. Among them, MSNs are recognized as the most promising candidates due to 
their unique properties including ease of surface functionalization, low toxicity and 
immunogenicity, high thermal and mechanical stability, good capacities of loading and ability 
to introduce large pieces of DNA/siRNA (Shen et al., 2017).  
Studies have shown that cell uptake of MSNs is particle size-dependent, with smaller MSNs 
achieving higher cell uptake (Gan et al., 2012). On the other hand, a larger MSN pore size is 
beneficial for higher DNA loading capacity and this is very important when taking into account 
that DNA has a relatively large molecular size (Tao et al., 2014). Therefore, the selection of 
MSNs with the ideal smaller particle size and suitably larger pore size is a challenge for the 
establishment of an MSN-base gene delivery system with both high cell uptake rate and greater 
DNA loading capacity. In the present study, two types of Am-MSNs, Am-MSN-20 and Am-
MSN-50, respectively, were employed to introduce pDNA into the protoplasts of A. thaliana. 
The binding profile of pDNA to MSNs was checked using agarose gel electrophoresis. The 
results demonstrated that the optimal mass ratios for pDNA/Am-MSN-20 and pDNA/Am-
MSN-50 were 1/40 and 1/20, respectively. Pascual et al. (2015) suggests that the high loading 
capacity is attributed to the fact that negatively charged DNA is easily absorbed to the 
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positively charged Am-MSNs through electrostatic interactions as well as the high volume of 
mesopores which offers enough space for holding the DNA.  
In addition, FITC labeled MSNs were applied to assess the feasibility of plant cellular uptake 
of these specific ENPs. A significant increase in the fluorescence intensity of treated cells was 
observed using confocal laser scanning microscopy, indicating higher cellular uptake and 
aggregation of MSNs in the cytoplasm. A previous study (Sun et al., 2016) demonstrated that 
MSNs could pass through plant roots via both symplastic and apoplastic pathways, and then 
arrive at the aerial parts including the stems and leaves of plants. Further, the cytotoxicity of 
Am-MSN on plant cells was evaluated. The results indicated that after incubation with Am-
MSNs at a high concentration of 100 mg/L for 36 h, the cell viability of A. thaliana protoplasts 
still remained at a high level of over 70%, which suggested that these specific MSNs did not 
cause obvious cytotoxicity and were biosafe for application as vectors for gene delivery at this 
level.     
To test the efficiency and stability of MSN-based gene delivery system, protoplasts of A. 
thaliana were isolated and used for the introduction of pDNA. Protoplasts are plant cells 
without cell wall and are often employed as model systems for the study on physiological and 
cellular process (Nanjareddy et al., 2016, Yoo et al., 2007). In addition, the plasmid encoding 
soluble modified GFP (smGFP) was employed to determine the gene transformation efficiency. 
In the present study, Am-MSN-50 demonstrated higher loading capacity and transformation 
efficiency compared to that of Am-MSN-20, which confirmed that MSNs with comparatively 
large particle and pore sizes could bind much more DNA (Castillo et al., 2017). As a control, 
the conventional PEG-mediated approach showed a higher gene transformation efficiency 
(70%), which was about 5 times compared to that of Am-MSN-50. However, the higher 
transformation efficiency of protoplasts mediated by PEG was achieved when 106 protoplasts 
were incubated with 1,000-2,000 times more pDNA (10-20 mg) than that of binding Am-MSNs 
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(1 µg pDNA to 20-40 µg Am-MSNs). These results demonstrated that the high transformation 
efficiency of the Am-MSN-based gene delivery system could be applied to plant cells. 
To deliver genes efficiently, the gene carrier should be capable of protecting the loaded pDNA 
from being degraded by nucleases (Wu et al., 2015). So, in the current study, Am-MSN ability 
to protect pDNA against enzymatic degradation as well as maintaining the stability of the 
pDNA/Am-MSNs complex were checked using agarose gel electrophoresis. The results 
demonstrated that free pDNA was totally degraded by DNase I while Am-MSNs could prevent 
the majority pDNA from degradation. It has been recognized (Kim et al., 2011) that the 
mosopores of MSNs provide a relatively huge inner space to hold DNA and the silica walls act 
as excellent shelters to protect the entrapped DNA against nucleases within complex 
environments. To test the efficiency and stability of this MSN-based gene delivery system, 
protoplasts of A. thaliana were isolated and used for the introduction of pDNA. 
6.4 MSN effects on plant growth and development 
The past decade has witnessed the rapid development and increasingly wide application of 
nanotechnology. Consequently, ENPs are being released into the environment with often little 
information on their accumulation and toxicity (Klaine et al., 2008). Plants comprise a 
fundamental base component of terrestrial systems whether in natural systems or agricultural 
systems, and as suggested by Ma et al. (2010) the interactions between plants and ENPs can 
assist in revealing environmental consequences of nanotechnology. However, research on 
phytotoxicity of ENPs is still in its infancy and inconsequential or even contradictory results 
have been reported across previous studies (Zhang et al., 2014b). The bio-safety of any ENP 
should be carefully assessed before it widely applied to plants. In the present study, amine-
functionalized MSNs (Am-MSNs) was used as a delivery system in plants. Therefore, in this 
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thesis the effects of these very specific Am-MSNs were assessed on the model plant A. thaliana 
across the entire life cycle. 
Nano-phytotoxicity is usually tested at two main stages including seed germination and 
seedling growth. Seed germination is the initial stage of plant growth and development which 
requires water to trigger cellular metabolism for the start of germination. Am-MSNs at the 
tested concentrations up to 100 µg/mL evidently were shown to enhance seed germination in 
A. thaliana. Similarly, previous studies (Nair et al., 2011, Siddiqui et al., 2014) demonstrated 
that exposure to SNPs greatly improved germination of rice (Oryza sativa L.) and squash 
(Cucurbita pepo L.). Also, MSNs with a particle size of about 20 nm and pore size of around 
2.6 nm were found to significantly promote germination of wheat (Triticum aestivum L.) and 
lupin (Lupinus angustifolius L.) (Sun et al., 2016). These positive influences on germination 
are unexpected but may be attributed to MSN penetration of the seed coat and the facilitation 
of water uptake into the dormant embryo, thus improving the rate of seed germination. This 
enhancement of germination by MSNs requires further investigation but was beyond the scope 
of this thesis. Additionally, the results demonstrated that Am-MSNs greatly enhanced the 
growth of roots and root hairs of the treated A. thaliana seedlings. There are suggestions (for 
example Kim et al., 2014) that an increase in root length and the number of root hairs may be 
related to cell wall loosening caused by the penetration of Am-MSNs through and into cell 
walls, thus facilitating the absorption of more water and nutrients which indirectly improve 
root growth and development. Once again these ideas need to be tested at a number of levels, 
structural through to molecular and physiological in order to investigate the potential 
mechanisms involved. 
The biomass of A. thaliana seedlings including fresh weight and dry weight was increased 
following exposure to Am-MSNs. Meanwhile, the exposure to Am-MSNs at all concentrations 
did not induce oxidative stress since no obvious increase in the levels of H2O2, lipid 
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peroxidation (MDA) or the activities of antioxidant enzymes was detected in the treated 
seedlings. This result agrees with a previous study by Sun et al. (2016) which reported that 
MSNs did not cause oxidative stress in wheat or lupin. Also, SNPs showed no toxicity to A. 
thaliana seedlings as long as the growth medium pH value was adjusted or the silanol groups 
were removed from the surface of the SNPs (Slomberg and Schoenfisch, 2012). However, Le 
et al. (2014) pointed out that SNPs significantly decreased plant height, shoot and root biomass 
of Bt-transgenic cotton seedling and induced oxidative stress in treated plants. These 
contradictory findings indicate that the influences of SNPs are determined by many elements 
including the particle size and shape, the treated concentrations and plant species tested. 
Photosynthesis is a complicated physiological process which results in growth and dry matter 
accumulation in plants. In the present study, Am-MSNs treatments effectively increased the 
contents of chlorophyll and carotenoid photosynthetic pigment. Particularly, Am-MSNs 
significantly enhanced the content of chlorophyll a which is vitally important for 
photochemical reactions. Xie et al. (2012) reported that SNPs dramatically promoted gas 
exchange and chlorophyll fluorescence in treated plants of Indocalamus barbatus McClure 
which may explain, at least partly, the results found here but clearly more work needs to be 
done to determine the influence of MSNs on gas exchange. Additionally, silicon, the main 
element of Am-MSNs plays a crucial role in the synthesis of intracellular organic compounds 
and for maintenance of normal biochemical functions (Matichenkov et al., 2008). It was clear 
that the increased levels of photosynthetic pigments and photosynthetic activity found in this 
thesis for plants exposed to Am-MSNs resulted in an obvious enhancement in biomass 
accumulation. Further, Am-MSNs improved the rate of electron transfer measured via the Hill 
reaction, oxygen evolution and enhanced the activity of ATPase in treated plants of A. thaliana. 
Hence, Am-MSNs amplified A. thaliana photosynthetic capacity through increasing its light 
energy capture ability and enhancing the electron transport rates in the reaction centers in the 
Chapter 6. General Discussion 
206 
 
chloroplasts of the treated plants (Pradhan et al., 2013). As a result, a dramatic increase in the 
biomass of the treated A. thaliana plants was achieved during the period of vegetative growth, 
which finally resulted in a significant higher seed yield. In combination, these results are quite 
remarkable and point to additional, potential uses of MSNs. 
Although many studies have evaluated the interactions of ENPs with plants through the 
analysis of various physiological and biochemical indexes, research on changes in gene 
expression induced by exposure to ENPs provides insight into physiological processes is rare 
(Syu et al., 2014). For example, Wang et al. (2016c)  showed that exposure to CuO ENPs 
induced differential expression of two genes (C-1 and C-3), which were involved in the 
regulation of root growth and reactive oxygen species generation in A. thaliana plants. In the 
present study, the expression levels of eight genes involved in the synthesis of chlorophyll and 
carotenoids were examined. Most of the tested genes were up-regulated in the plants exposed 
to Am-MSNs and where closely associated with increases in contents of several photosynthetic 
pigments including chlorophyll a, chlorophyll b and carotenoids. These results agree with the 
finding that silica uptake is related to upregulation of genes in rice such as HemD and PsbY 
which were found to be linked to promotion of electron transfer rate and the activity of 
photosystem II, thus leading to an increase in the contents of chlorophyll (Song et al., 2014, Li 
et al., 2015).  
Till now, although many studies have been conducted to examine the effects of ENPs on plants, 
there is still a lack of detailed knowledge on the toxicity mechanism and the correlation with 
ENP physicochemical properties and plant species. Further research of the interactions between 
different types of ENPs and plants is still needed in the future. However, in the present thesis, 
these specific Am-MSNs at the tested concentrations promoted seed germination and biomass 
accumulation, amplified photosynthesis, up-regulated photosynthetic pigment synthesis related 
Chapter 6. General Discussion 
207 
 
genes, and finally, increased seed yield in A. thaliana plants. Hence, these Am-MSNs are 
biosafe and may be applied as a novel delivery system in plants. 
Therefore, it is important to address in future studies three main areas: (i) Overall understanding 
of the physico-chemical properties of tested ENPs should be fully mastered. Environmental 
behavior and toxicity of ENPs are mainly determined by their physicochemical properties such 
as size, shape, crystal structure, morphology, surface charge and functionalized groups, etc. (ii) 
Further studies on the biotransformation of ENPs should be conducted since many ENPs 
change their original chemistry within plants. So, to fully understand the behavior and potential 
toxicity, the exact status of ENPs at certain stages following uptake need to be completely 
explored, (iii) Many studies on phytotoxicity of ENPs were performed under hydroponic 
cultivation and focused on short term vegetative growth of plants. The compounding effect of 
soil in the natural environment should be taken into consideration in future research. Moreover, 
more attention should be paid to ENP effects on plants through their entire life cycles including 
reproductive systems and even across generations. Finally, the bio-accumulation of ENPs in 
plants could be eventually transmitted through food chain to higher species including human 
beings, causing far-reaching influence on human health. Therefore, further study on the 
interaction between MSNs and humans is required in the future. For example, the research of 
people’s health after the consumption of agricultural products treated with NPs during the 
periods of crop growth or food processing. 
6.5 MSN-based delivery system as a novel form of Phytophthora disease 
control 
P. cinnamomi, a soil-borne plant pathogen, can infect thousands of plant species in wildlands, 
horticulture and commercial nurseries, lead to root rot and death of the infected plants 
(Anderson et al., 2012). Consequently, P. cinnamomi infection results in a decrease of floral 
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diversity in natural systems and a decline in primary productivity within affected ecosystems, 
and finally the destroys faunal habitats (Cahill et al., 2008). P. cinnamomi also causes serious 
problems in agricultural, horticultural and forestry industries. Pineapple (Ananas comosus) is 
the third most important fruit crop in tropical and subtropical regions of the world, only 
preceded by banana and citrus (Lu et al., 2014a). The damaging root rot caused by P. 
cinnamomi is a major disease of pineapple worldwide and no completely effective measure for 
controlling the disease has been developed (Sanewski et al., 2017).    
Salicylic acid (SA) and other resistance inducers such as MeJA, Phi and BABA have been 
widely applied to induce SAR to diseases caused by various biotic and abiotic stresses 
including that caused by the pathogen P. cinnamomi (Lu et al., 2011, Groves et al., 2015, Faize 
and Faize, 2018). The effects of these resistance inducers when applied to plants that were then 
challenged by P. cinnamomi were tested in vitro and in vivo in this thesis and all of them 
inhibited mycelial growth to some extent at various concentrations but more importantly 
several induced resistance to the attack of P. cinnamomi in the roots of lupin seedlings. 
Compared with the other agents, SA was more effective in controlling the root rot and 
facilitating the recovery of root growth after infection by P. cinnamomi.  
Although MSNs have been widely applied for drug delivery in mammal cells, the study of 
MSNs in plant systems is still rare. To improve the uptake efficiency and prolong the effect of 
introduced agrochemicals, the novel MSN-mediated delivery system was synthesized and 
assessed through a series of experiments. Well dispersed MSNs with particle size around 20 
nm and pores size approximately 3.0 nm were synthesized, functionalized and characterized. 
High loading efficiency of SA and MeJA was obtained since the decanethiol gatekeepers 
blocked the entrance of mesopores and prevented the encapsulated SA from premature leakage.  
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The controlled and sustained release of imported molecules was achieved by using redox-
responsive gatekeepers. In a manner similar to that described by Cheng et al. (2017) in the 
presence of the reducing agent GSH, the free -SH groups in GSH cleaved disulfide bonds (S-
S) between decanethiol gatekeepers and MSNs, resulting in the slow release of the entrapped 
cargoes. Redox-responsive in vitro testing indicated that decanethiol gatekeepers significantly 
reduced the release speed of MeJA and SA compared to that without gatekeepers. However, in 
the presence of GSH the release of MeJA and SA was obviously accelerated. Particularly, in 
the first 1 h, the burst release rate of MeJA and SA dramatically promoted with increased 
concentrations in GSH. 
The efficiency of the MSN-mediated delivery system for the loading and importing of SA for 
the control of pineapple root rot disease caused by P. cinnamomi was evaluated through 
assessing a series of parameters. Compared to the direct, exogenous application of SA, 
treatment with SA that was released following uptake by roots of MSNs that encapsulated SA 
within their pores significantly inhibited P. cinnamomi lesion development and greatly 
facilitated continued root growth. Treatment with SA has been shown to induce resistance to a 
variety of pathogens and has been widely reported (Vlot et al., 2009, Sillero et al., 2012, Groves 
et al., 2015). The contents of SA and GSH in the roots exposed to different treatments were 
also quantified. Compared with the free SA control, the application of MSNs as delivery 
vectors not only elevated SA level in the treated tissue but also a high level was maintained 
through the tested time points. The elevation of SA levels can be attributed to the enhanced 
uptake efficiency of MSNs by pineapple plants together with the sustained release of entrapped 
SA from MSNs inside the treated plants roots. Moreover, a quick increase and then fast decline 
in GSH content was observed in the roots exposed to free SA while a slow and constant increase 
in GSH content was detected in the tissues treated with MSN-mediated delivery of SA. The 
physiological coupling between SA and GSH levels was also observed by Freeman et al. (2005) 
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who found that the elevation of free SA levels in Arabidopsis enhanced the GSH level. In 
addition, the treatment with SA also induced the expression of pathogenesis-related genes but 
the effect was short-lived. The elevated and prolonged expression of two SA-responsive genes, 
PR1 and PR5, was detected in the roots treated with MSN-mediated delivery of SA compared 
with that of free SA, suggesting the sustained release of entrapped SA inside pineapple roots 
from the mesopores of MSNs. Altogether, the present study showed that MSN-mediated 
delivery system successfully imported SA inside plants, and achieved a sustained and 
prolonged release of SA in the treated tissue, thus promoting plant resistance to disease caused 
by P. cinnamomi.  
6.6 Final conclusion  
The creation of an MSN-mediated delivery system was thoroughly investigated with the aim 
of applying MSNs as an agrochemical delivery vehicle in plants. Well dispersed MSNs of 
different particle (20 and 50 nm) and pore sizes (3.0 and 14.7 nm) were produced and 
functionalized for ease absorption by plants and high loading capacity of biomolecules. 
Plasmid DNA (pDNA) was loaded into MSNs and imported into A. thaliana protoplasts. High 
transformation efficiency of the pDNA encoding smGFP was achieved in the test plant cells. 
Future research is needed to utilize MSNs as vectors for importing gene into intact plants. In 
the present study, the biosafety of MSNs was assessed in depth through the analysis of their 
interactions with the model pant A. thaliana. The exposure to MSNs promoted overall growth 
and development of A. thaliana in terms of a series of physiological and molecular responses, 
which indicated that MSNs are biosafe when applied as a molecular delivery system. Since the 
interactions of ENPs with plants are complicated and influenced by many factors such as 
molecular components, treatment time and level, surface characters of ENPs, the plant species 
and even the growth stage of the exposed plants, further research is required. The efficiency of 
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MSN-mediated delivery system with redox-responsive gatekeeper was evaluated through the 
importing of SA for the control of pineapple root rot disease caused by pathogen P. cinnamomi. 
Improved resistance to pathogen attack was observed by using this novel delivery system which 
was attributed to the enhanced absorption of MSNs by plants and the sustained and prolonged 
release of SA in the treated roots. The study presented here is a step forward for offering a new 
platform to exploit the applicability of MSNs for addressing conventional agrochemical 
problems. Future research is needed to assess the stability and efficiency of this novel MSN-
mediated delivery system in a wide range of crop plants as well as varied cargoes such as genes, 
plant hormones, pesticides and fertilizers. 
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Appendices 
Appendix 1 Zoospore production of P. cinnamomi 
 
Appendix 1 Zoospore production of P. cinnamomi. (A) A single mycelium plug of P. cinnamomi grew 
on medium after 3 d. (B) Seven plugs were incubated for 6 d on the medium with a miracloth disc. 
(C) The disc with 1-3 plugs was transferred into a conical flasks containing 5% CV8 broth and 
incubated in an orbital shaker for 16-24 h. (D) The disc was washed with MSS three times and 
incubated in fresh MSS solution for 20-24 h. (E) The disc was put into a fresh Petri dish containing 
pre-chilled sdH2O and incubated in cold room for 1 h. (F) Zoospores were released from the 
sporangium under microscope. 
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Appendix 2 Representive images of lupin roots treated by resistance inducers response to P. 
cinnamomi at 6 dpi. (A) SA, (B) MeJA, (C) Phi and (D) BABA. CK1(Non-inoculated control), 
CK2 (Inoculated control). Scale bars = 5 mm. 
